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ABSTRACT 
Seth M. Barrett: Light-Driven Hydride Transfer from Iridium Hydride Complexes 
(Under the direction of Alexander J. M. Miller) 
 
Light-triggered hydride transfer is an emerging class of chemical transformations that is 
increasingly being applied to systems previously promoted with elevated reaction temperatures. 
The excited state of [Cp*Ir(bpy)(H)]+ can drive chemical reactivity. The strength of the Ir-H 
bond can be determined through hydricity in both the ground and excited states to predict 
reactivity with substrates. Using thermochemical cycles, the excited state hydride is predicted to 
become a much stronger hydride donor, with nearly a 20 kcal·mol–1 enhancement in the 
experimentally measured excited state hydricity compared to the ground state hydricity. Using 
[Cp*Ir(bpy)(H)]+ and 460 nm light, hydride transfer to methylnicotinamide results in the 
formation of singly and doubly reduced products. Notably, the doubly reduced product is 
traditionally formed using harsh reaction conditions. Instead, the doubly reduced product can be 
exclusively formed using visible light.  
Moving beyond stoichiometric hydride transfer, [Cp*Ir(bpy)(H)]+ excited state reactivity 
can be applied to photocatalytic dehydrogenation of formic acid. By the careful study of a new 
[Cp*Ir(bpy-OMe)(H)]+ photocatalyst, the reaction mechanism can be better understood in order 
to improve catalytic performance. Deactivation pathways, including light-induced ligand loss, 
are reduced in order to achieve more than 500 TON of H2. Additionally, the hydride catalyst is 
iv 
stable across a wide pH range, promoting the reaction at both acidic and basic pH. Between pH 7 
– 11, 96% pure H2 is collected by trapping evolved CO2 in solution.  
Catalytic hydrodehalogenation of dichloromethane is also promoted using the excited 
state reactivity of [Cp*Ir(bpy)(H)]+. A biphasic reaction setup allows for the in situ formation of 
the hydride catalyst, which is irradiated to form chloromethane-d2. Formate regenerates the 
active hydride to promote catalytic turnover, with greater than 3 TON of chloromethane. UV-Vis 
reaction monitoring and kinetic analysis using the method of initial rates determines the 
hydrodehalogenation to be second order in iridium. A proposed mechanism consistent with this 
observation is discussed herein. In hydrodehalogenation of dichloromethane, light-induced 
hydride transfer is harnessed towards another chemical transformation and contributes to a better 
mechanistic understanding of excited state reactivity. 
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Chapter 1: TRANSITION METAL COMPLEXES: FROM THERMAL REACTIVITY TO 
PHOTOCHEMICAL ROUTES  
 
1.1 Introduction to Cp*Ir Reactivity 
Transition metal complexes have long been studied for their ability to promote chemical 
transformations, including hydride transfer, hydrogenation, and dehydrogenation. 
Pentamethylcyclopentadienyl (Cp*Ir) iridium bipyridine (bpy) complexes have been used to 
catalyze a variety of chemical transformations since their discovery in 1988 by Ziessel,1 building 
upon similar catalysts from Maitlis and Crabtree.2, 3 The Cp*Ir complexes have been utilized in 
several transformations, including hydrogenation, 4-17 dehydrogenation,18-29 and 
dehalogenation.30 The reactivity of Cp*Ir catalysts has been attributed to a reactive hydride 
intermediate.1, 31-35 Importantly, catalysis has been promoted primarily using thermal methods, 
but emerging reports of photochemical reactivity motivate the development of new directions 
while also identifying potential areas for improvement. Specific, prominent examples of these 
transformations will be explored in more detail below.  
Toward hydrogenation using Cp*Ir catalysts, perhaps one of the most highlighted 
transformations is the conversion of carbonyl functional groups to alcohol groups.36, 37 Cp*Ir 
complexes have also been used to promote hydride transfer from biological cofactor 
nicotinamide adenine dinucleotide (NADH) to pyruvate38 and quinones39 in water/methanol 
solutions. In another example, catalytic hydride transfer has been promoted using an iridium 
catalyst to an organic acceptor, converting benzaldehyde to benzyl alcohol with up to 91% yield, 
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using NADH as the hydride donor.37 Similar reactions performed with sodium formate as the 
hydrogen source exhibited shorter reaction times. Catalytic transfer hydrogenation was also 
applied to an array of aldehydes and ketones, with near quantitative yields (up to 99%) for many 
substrates. Carbonate and CO2 hydrogenation has also been promoted with Cp*Ir-based 
complexes,5-7, 9, 20, 22, 23, 40-47  with up to 222,000 TON and 42,000 h-1 TOF using [Cp*Ir(phen-
OH)(Cl)]+ (phen-OH is 4,7-dihydroxy-1,10-phenanthroline) and [Cp*Ir(bpy-OH)(Cl)]+ (bpy-OH 
is 4,4’-dihydroxy-2,2’-bipyridine) catalysts.8, 9, 43 
Dehydrogenation reactions have also been catalyzed using Cp*Ir complexes.18-29 Formic 
acid dehydrogenation has been reported, where Cp*Ir complexes have been used at elevated 
temperatures to achieve catalytic turnover.19 The volume of H2 and CO2 gaseous products could 
be controlled by temperature, with greater performance at high temperatures. The reaction can 
also be controlled by pH, as more acidic solutions exhibited dramatically improved performance 
(consistent with the pKa of formic acid, 3.8). For example, [Cp*Ir(bpy-OH)(OH2)]
2+ was found to 
catalyze the dehydrogenation of 1 M formic acid in acidic water (pH 2.5-4).19 
Hydrodehalogenations are useful synthetic transformations important to selective organic 
synthesis48 and decontamination of halogenated species in water sources.49-60  While 
hydrodehalogenation activity for other transition metal hydride complexes have been reported, 
Cp*Ir activity towards hydrodehalogenation has not been well explored. One of the few reports 
of Cp*Ir-promoted activity includes the hydrodehalogenation of bromo- and chloropropanoic 
acid substrates in water.  
In hydrogenation, dehydrogenation, and hydrodehalogenation reactivity, an in situ 
generated hydride is traditionally proposed as the catalytic intermediate.7, 11, 30, 61-64 Ogo and 
Steckhan propose a direct chemical method for hydride formation (Scheme 1.1).30, 65 Isolation 
3 
and structural determination of the hydride was made possible through reaction of the aquo 
precursor in pH 5 aqueous formic acid to yield the hydride species.61  
Scheme 1.1 Proposed mechanism of formation for [Cp*Ir(bpy)(H)]+ through β-hydride 
elimination and release of CO2 upon reaction with formate.
30  
 
 Beyond thermal activity, Cp*Ir complexes have also shown photochemical activity. 
Photochemical activation typically requires milder conditions and frequently can help prevent 
side reactions, resulting in cleaner product formation.66 Enhanced reactivity with visible light has 
been previously attributed to a MLCT transition to describe the observed photoactivity.18, 67, 68 
The possibility of reactivity through a LMCT has also been discussed.34 The promising potential 
of light-driven reactivity was discussed in the [Cp*Ir(bpy)(Cl)]+ complex’s first report, 
highlighting the photoactivity with small molecules and photosensitizer applications.1, 67 Light-
driven reactivity with Cp*Ir was shown in the photochemical water-gas shift reaction (Equation 
1.1).1, 18, 32, 35 The [Cp*Ir(bpy)(Cl)]+ precursor, [Cp*Ir(phen)(Cl)]+ precursor, and 
[Cp*Ir(bpy)(H)]+ demonstrated light promoted production of H2 through the water-gas shift 
reaction under 1 atm CO.1 The complexes have also been applied towards photochemical 
dehydrogenation of formic acid, with up to 53 TON of H2 after two hours of irradiation.
18 
Excited state deprotonation68 and photoelectrochemical production of H2
69 have also been shown 
using Cp*Ir complexes.   
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CO(g) + H2O(g) ↔ CO2(g) + H2(g) (Equation 1.1) 
The versatility of Cp*Ir catalysts towards an array of hydrogenation, dehydrogenation, 
and hydrodehalogenation reactions combined with known photoactivity of the complexes 
provides a promising potential for Cp*Ir-catalyzed light-driven transformations. Moving beyond 
thermal conditions, reactivity with light can provide alternative mechanisms and allow reactions 
to proceed under mild reaction conditions. The thermochemical aspect of hydride transfer and 
excited state reactions will be discussed first, followed by more detailed background on two key 
reactions than can be improved by using photochemical methods: dehydrogenation and 
hydrodehalogenation. 
1.2 Hydricity 
 In discussing hydride transfer, it is convenient to consider the ability of a compound to 
donate a hydride to a hydride acceptor species, called hydricity. The particular strength of a 
species to react and donate a hydride can be measured, quantified, and compared against other 
hydride donors. This convenient, direct comparison of hydricity values enables the prediction of 
reactivity between different hydride donor and acceptor species and improves our understanding 
of hydride transfer reactions. The thermodynamic hydricity values for hydride materials are 
reported according to the reaction solvent, much like pKa. Acetonitrile is one of the most 
commonly used solvents due to enhanced solubility of many transition metal complexes.70-73 
While Cp*Ir has been used in many hydrogenation and transfer hydrogenation processes 
that invoke a hydride transfer mechanism, understanding and predicting hydride transfer activity 
was previously not well understood. Through the construction of thermochemical cycles and 
measurements of hydricities, hydride transfer reactivity can be understood, predicted, and 
observed.74-78 At the basis of Cp*Ir hydride reactivity is hydricity, the thermodynamic strength of 
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the Ir-H bond that determines whether hydride transfer reactions will proceed. The concept of 
hydricity is similar to acidity, where hydricity is the thermodynamic value of heterolytic 
dissociation of a hydride anion from a parent metal complex (Equation 1.2). Also like acidity, the 
hydricity of a complex changes with solvent.79, 80 Beyond hydricity and acidity, the third manner 
of splitting a M-H bond, homolysis, is included below for completeness. Further explanations on 
modes of metal hydride bond cleavage can be found in the literature.17, 74, 81 
Hydricity:  M-H → M+ + H-  ΔGH-   (Equation 1.2) 
Acidity M-H → M- + H+  ΔGH+   (Equation 1.3) 
Homolysis M-H → M• + H•  ΔGH•   (Equation 1.4) 
There are three common ways to determine the hydricity of a compound in a particular 
solvent, depending on what information is known or can be obtained for the desired reaction. 
The potential-pKa thermochemical cycle (Scheme 1.2) requires the pKa and redox potential of the 
complex as well as the two electron reduction of a proton.82 The derivations and explanations for 
the potential-pKa thermochemical cycle are explained in detail in an excellent review by 
DuBois.74, 82 Another method to determine hydricity is the relative hydricity from equilibrium 
(Scheme 1.3), in which a species with a known hydricity is added to a species of unknown 
hydricity and by determining the equilibrium between the two species, the unknown hydricity 
can be determined. Finally, hydricity can be calculated by reacting the metal hydride with an 
acid of a known pKa (Scheme 1.4). Reactions with a series of acids of varying strengths provide 
a ballpark value of the hydricity.  
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Scheme 1.2. Potential-pKa method to determine hydricity. Adapted from ref.
80   
 
Scheme 1.3. Relative hydricity from equilibrium using a reference hydricity value. Adapted 
from ref.80   
 
Scheme 1.4. Acid reactivity to determine hydricity. 
 
It is also important to consider hydricity in context by establishing a scale of strong and 
weak hydride donors within a particular solvent. Once the hydricity is determined for a species in 
a solvent, acetonitrile as a common example, the hydride donor ability can then be compared to 
other species (transition metals and main groups) of known hydricity values in acetonitrile. The 
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placement of a compound’s hydricity on a scale provides a quick, convenient, and reliable 
method to predict reactivity between two or more species (Figure 1.1).    
 
Figure 1.1. Hydricity scale in acetonitrile. Stronger hydride donors are found to the right of the 
scale. 
Hydricities in organic solvents, particularly acetonitrile, are well known. A recent review 
has compiled over 130 main group hydrides plus several transition metal hydrides into an all-
encompassing hydricity scale from 0.5 – 160 kcal/mol in acetonitrile.83 Less well known, 
however, are hydricities in water.81, 84, 85 Many relevant chemical transformations are performed 
in water, such as H2 evolution and CO2 reduction, and rely on aqueous hydride transfer. Gaining 
a better understanding of aqueous hydricity values has great potential in further improving these 
transformations. However, one of the most challenging aspects of aqueous hydricity 
measurements is the water-insolubility of the conjugate base needed for traditional hydricity 
calculations. Therefore, some aqueous hydricities have been determined via a challenging 
equilibrium method (Scheme 1.5). 
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Scheme 1.5. Aqueous hydricity determination through equilibrium in water.81 
 
Recently, however, the Miller lab has developed a new method to measure aqueous 
hydricities.80 Rather than relying on the potential-pKa method for all hydride species, many of 
which have insoluble conjugate bases in water, instead a reference hydride that is well behaved 
in water is first studied using the potential-pKa method. All other hydricities are determined 
relative to this reference hydricity. In addition to nearly doubling the known hydricity values in 
the literature, the report also shows how the hydride donating ability of a species can be tuned 
not only by substituent effects but also by the reaction solvent.  
The hydricity calculations shown above, however, do not account for changes in excited 
state reactivity. Photochemical methods, previewed above and described in additional detail later 
in this chapter, require a new series of thermochemical equations to determine the excited state 
hydricity (Scheme 1.6). While at first glance, the thermochemical equations seem very similar to 
the ground state hydricity equations (Scheme 1.2), the one key difference between the two 
schemes is the excited state deprotonation, pKa*, step in the excited state hydricity equation. The 
pKa* value can be determined from the ground state pKa and E00, the energy difference between 
the lowest vibrational states of the ground and excited state species. Additional information on 
the derivation of these thermochemical equations, as well as experimental data matching 
predicted reactivity from the use of these equations, is presented in Chapter 2.  
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Scheme 1.6. Thermochemical cycles for determination of excited state hydricity. 
 
1.3 Formic Acid Dehydrogenation 
 Utilizing hydricity, hydride transfer reactivity towards organic substrates can be predicted 
and tested experimentally. From the hydricity scale in Figure 1.1, [Cp*Ir(bpy)(H)]+ (1) in the 
ground state is not predicted to promote hydride transfer to formic acid, as formic acid is 
anticipated to be the stronger hydride donor. However, the excited state of the complex, 1*, 
becomes much more hydridic (a stronger hydride donor) upon irradiation and is 
thermodynamically capable of hydride transfer to formic acid to release H2. Importantly, formic 
acid dehydrogenation coupled with CO2 hydrogenation (both shown to be catalyzed by Cp*Ir 
complexes) can be employed to reversibly produce and store H2.  
CO2 is considered a promising H2 storage material capable of storing 4.3 wt% H2 in 
formic acid and 12 wt% H2 in methanol and water.
86-90 In supporting a hydrogen-fueled 
economy, challenges in hydrogen storage and transportation must be addressed. Towards 
hydrogen’s low energy density and transportation difficulties in gas form, storage issues and 
potential explosion hazards must be overcome.86 Hydrogen storage materials have been heavily 
studied in recent years, applying physical and materials-based strategies to store hydrogen more 
efficiently in liquid or solid materials. The Department of Energy has set forth a series of 
hydrogen storage targets to encourage development of these storage materials (Figure 1.2).91 
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Figure 1.2. DOE strategies towards physical and materials-based hydrogen storage materials.91 
In chemical-based solutions, H2 can be stored in a liquid and can be activated and 
released from the solvent when desired. As a chemical-based solution to hydrogen storage, 
formate can be used to reversibly produce hydrogen by undergoing dehydrogenation to give 
bicarbonate and to store hydrogen by the hydrogenation of bicarbonate in solution (Equation 
1.5).86 
HCO2
- + H2O ↔ HCO3- + H2      (Equation 1.5) 
The reverse reaction, hydrogenation of bicarbonate, can be promoted to utilize formic 
acid as a hydrogen storage material (Scheme 1.7). 
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Scheme 1.7. Reversible H2 storage using the formate/bicarbonate couple for storage and 
production of H2. Adapted from ref.
86 
 
 Thermal Formic Acid Dehydrogenation and Carbonate Hydrogenation  
Taking inspiration from this H2-producing strategy with formic acid, Cp*Ir has been 
shown to both hydrogenate bicarbonate/CO2
5-7, 9, 20, 22, 23, 40-47 and dehydrogenate formic acid. 18-29 
Several examples of thermal formic acid dehydrogenation and carbonate hydrogenation can be 
found below, with temperature, pH, and pressure modulating reactivity.  
 
Figure 1.3. Mechanistic study with [Cp*Ir(bpy-R)(OH2)]
2+ precatalyst under varying H2 and 
CO2 pressures. The in situ generated hydride was observed and the following carboxylation step 
was determined to be rate limiting.7  
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Iridium aquo precatalysts have been studied for the hydrogenation of CO2.
7 Iridium 
catalysts, [Cp*Ir(bpy-R)(OH2)]
2+, where R = bpy and bpy-OMe), were used under acidic 
aqueous conditions at 40oC under varying H2 and CO2 pressures in pH 3 citrate buffer solution to 
achieve CO2 hydrogenation. In mechanistic studies, increasing H2 pressures gave saturation 
behavior in TON while increasing CO2 pressures gave a linear relationship in TON (Figure 1.3). 
This linear relationship between CO2 pressure and TON, as well as the observation and isolation 
of the hydride intermediate, illustrated that the next step, carboxylation leading to the formation 
of the formato complex (not observed), must be the rate determining step.  
In another report, the Cp*Ir complex (and an analogous Cp*Rh complex) containing a 
1,10-phenanthroline ligand was shown to catalyze CO2 hydrogenation.
5 The 4,7-dihydroxy 
substituted phen ligand was also tested for catalytic activity, with significant enhancements in 
performance noted. At 120oC under 6 MPa of H2:CO2 pressure in degassed 1 M aqueous KOH 
solution for 10 hours, the iridium catalyst exhibited the greatest performance with up to 21,000 
TON and 23,000 h-1 TOF (over the initial 20 min). No induction period was required, nor was 
CO observed as a reaction byproduct. The dihydroxy ligand, especially upon deprotonation, was 
a much better catalyst thanks to its strong electron donating ability and enhanced water solubility 
(Scheme 1.8). A later article and microreview detailed even higher activity, with up to 222,000 
TON and 42,000 h-1 TOF using Ir phen and bpy catalysts.8, 9, 43 
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Scheme 1.8. Cp*Ir and Rh catalysts towards CO2 hydrogenation. Adapted from ref.
5       
 
 
The thermal activity of Cp*Ir can be used to promote the reverse reaction, formic acid 
dehydrogenation. [Cp*Ir(bpy-OH)(H2O)]
2+ was used in 2 M aqueous formic acid at temperatures 
varying from 40-90oC.19 The volume of H2 and CO2 gaseous products could be controlled by 
temperature, with high temperature 90oC reactions yielding the highest performance, with up to 
14000 h-1 TOF. This study also illustrated the importance of pH on the thermal formic acid 
dehydrogenation (Figure 1.4a), as more acidic solutions exhibited dramatically improved 
performance (consistent with the pKa of formic acid). The reaction is dependent upon the 
protonation state of the acid, with the acid form being more reactive. The importance of formic 
acid concentration was also demonstrated (Figure 1.4b), with activity increasing up to 4 M 
formate and decreasing quickly at higher formate concentrations. In the Miller lab, we have also 
observed this lower performance beyond 4 M formate, with solubility of the iridium catalysts 
becoming troublesome with high formate concentrations.27  
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Figure 1.4. a) Effect of pH and b) formic acid concentration on catalytic activity for thermal 
formic acid dehydrogenation.19 
Combining insights from Cp*Ir-promoted hydrogenation of CO2 and dehydrogenation of 
formic acid, both hydrogenation and dehydrogenation can be promoted with the same catalyst.20, 
22, 23, 92-95 However, the pH of the solution and the headspace gas of the reaction are changed in 
order to promote the desired reaction. [Cp*Ir(bpy-OH)(OH2)]
2+ catalyzed the hydrogenation of 
CO2 under basic pH (1 M KOH) at 80
oC using a 1 MPa H2/CO2 headspace.
20 The aquo 
precatalyst catalyzed the dehydrogenation of 1 M formic acid under acid pH (2.5-4).19 Using a 
Ru catalyst, consecutive bicarbonate hydrogenation and formate dehydrogenation was 
achieved.93 While the same catalyst was used for both reactions, the headspace and solvent were 
removed in between the two experiments. Another Ru catalyst was utilized in a similar manner, 
with release of the headspace pressure triggering formate decomposition.92 Using 
[(Cp*IrCl)2(thbpym)]
2+, where thbpym is 4,4’,6,6’-tetrahydroxy-2,2’-bipyrimidine, as a 
precatalyst (Figure 1.5), a truly reversible system was reported with the stepwise consumption of 
H2 through hydrogenation of bicarbonate followed immediately by production of H2 through 
dehydrogenation of formic acid.22 The catalyst was evaluated in 2 M KHCO3 under a continuous 
a) b) 
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flow of 1:1 H2/CO2 at atmospheric pressure for 136 h. The reaction was then cooled and pH 
adjusted to 1.7 using 4 M sulfuric acid to protonate the catalyst to form 
[(Cp*IrOH2)2(thbpym)]
4+. The solution was slowly warmed to 50oC, promoting dehydrogenation 
activity. No CO by-product was detected. The cycle was repeated once more, cooling the 
reaction and adjusting the pH with KHCO3. The recyclability and reversibility of this system is 
the first of its kind (Table 1.1). 
 
Figure 1.5. Precatalyst [(Cp*IrCl)2(thbpym)]
2+ towards reversible formic acid dehydrogenation. 
Table 1.1. [(Cp*IrCl)2(thbpym)]
2+ precatalyst and recyclability towards CO2 hydrogenation and 
formic acid dehydrogenation, demonstrated by concertation of formate and formic acid. Adapted 
from ref.22 
Cycle 
Hydrogenation of 
CO2 
Dehydrogenation of formic acid 
Time 
(h) 
Generated 
formate (M) 
Time 
(h) 
Gas 
Produced 
(MPa) 
Formic acid 
remaining 
(M) 
1 136 0.48 8 2.34 0.017 
2 182 0.38 8 1.93 0.024 
 
A similarly reversible systems for carbonate hydrogenation and formic acid 
dehydrogenation was reported using a Ru catalyst.95 To drive hydrogenation, the system was 
placed under 140 bar H2 gas. After heating and hydrogenation, the pressure dropped to 100 bar. 
The reaction vessel was then cooled to room temperature and the atmosphere was flushed with 
N2 gas. The vessel was once again heated and the catalyst then coverts the formic acid to H2. 
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This hydrogenation and dehydrogenation cycle could be repeated for 5 cycles. While this 
recyclable example works well and efficiently, we desired similar recyclability without having to 
depressurize the system. 
 Photochemical Formic Acid Dehydrogenation 
We wanted to promote this reversible reactivity without altering reaction conditions, 
including solution pH and vessel pressure. One way of doing this is to take advantage of Cp*Ir’s 
known thermal reactivity towards the hydrogenation of CO2 in the dark, as shown in examples 
above, while promoting the reverse reaction, dehydrogenation of formic acid, using light. 
(Scheme 1.9) In this manner, we can regulate reactivity without chemical additives by instead 
using light as a reactivity switch. Furthermore, unlike thermal activity, light-driven 
dehydrogenation is not limited to acid pH near the pKa of formic acid. By taking advantage of 
photochemical reactivity, the pH limitations from thermal methods can be overcome, improving 
the dehydrogenation process. Beyond significantly widening reaction conditions under both 
acidic and basic pH ranges, this important change also allows for the trapping of evolved CO2 as 
bicarbonate in aqueous solution, yielding pure H2   
Scheme 1.9. Hydrogenation of CO2 (bicarbonate) can be promoted using Cp*Ir in the dark, 
storing H2, while dehydrogenation of formic acid can be promoted with light. 
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Photochemical formic acid dehydrogenation has been shown in the literature. An early 
report of photochemical formic acid dehydrogenation used a [CoIH(PPh(OEt)2)4] precatalyst in 
THF to photocatalytically produce H2 and CO2 gaseous products using a 400W mercury lamp.
96 
The in situ generated CoIIIH2(PPh(OEt)2)4]
+ was determined to be the active catalyst. In another 
early report, a chromium carbonyl species was also used for photochemical formic acid 
dehydrogenation.97 The Cr(CO)6 species was used as a precatalyst to generate a [Cr(CO)5][ 
HCO2] intermediate, bicarbonate, and H2 using a 100 W mercury lamp. More recently, Beller 
and coworkers have shown a [RuCl2(benzene)2]/dppe (where dppe = 1,2-bis-(diphenyl-
phosphino)ethane) catalyst that is capable of higher formic acid dehydrogenation activity, with 
TON up to 2800 using a xenon-arc lamp with 380 nm and Ir cutoff filters.98 Notably, this system 
exhibited nearly double the activity of the best non-light promoted system of the time. Beller 
next applied this photochemical on and off switch to an earth abundant Fe catalyst.99 The 
triirondodecacarbonyl catalyst, Fe3(CO)12, was found to be the best catalyst; in the presence of 
triphenylphosphine (PPh3), tpy (2,2’:6’2”-terpyridine) and DMF at 60oC under xenon-arc lamp 
irradiation. Up to 126 TON of H2 was achieved, the highest activity of a nonprecious metal based 
system.  
In one example, Ziessel reports the dehydrogenation of aqueous formate using Cp*Ir 
catalysts with up to 53 TON of H2 after two hours of irradiation.
18 Several Cp*Ir(bpy) and (tpy) 
complexes were evaluated for activity towards photochemical formic acid dehydrogenation using 
a 250 W halogen lamp. Initial formic acid dehydrogenation activity was probed using a series of 
substituted bpy and phen ligands to gauge substituent effects on photochemical reactivity. At the 
time of the report, formic acid dehydrogenation was only performed using temperatures above 
100oC.100-103 Iridium chloride precursor was used as a precatalyst, generating the reactive and 
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photoactive hydride intermediate upon addition to aqueous sodium formate. Using a NMe2 
substituted [Cp*Ir(bpy-R)(Cl)]+ complex, the best activity was achieved; irradiation over two 
hours yielded up to 53 TON of H2 (159 maximum TON over longer irradiation times), yielding 
H2 and CO2 in a 1:1 ratio (Scheme 1.10) 
Scheme 1.10. Photochemical dehydrogenation of formic acid using [Cp*Ir(bpy-R)(Cl)]+ 
precatalysts and visible light. R = COOH, NO2, NMe2. 
 
Kinetic studies were performed on the system in order to gain a mechanistic 
understanding of the observed photochemical reactivity. Activation energies for the 
dehydrogenation of formic acid (46.3 and 39.3 kJ·mol−1 for R = NO2 and NMe2 respectively) 
were found to be much higher than those determined for the photochemical water-gas shift 
reaction (14.6 kJ·mol−1)32 but were dramatically lower than those determined for thermal formic 
acid decomposition (146 kJ·mol−1).104, 105  
Traditionally, catalysts for photochemical formic acid dehydrogenation are thought to be 
slow and less stable than thermal catalysts.89, 106, 107 However, deeper mechanistic understanding 
of these light-driven systems shows great potential for substantially improving catalytic activity. 
For example, the initial iron carbonyl catalyst described above was found to be active towards 
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light-driven dehydrogenation,99 but dissociation of CO quickly deactivated the catalyst. Addition 
of surrounding phosphine ligands dramatically improved (by an order of magnitude) activity and 
reduced deactivation pathways in photochemical formic acid dehydrogenation.108 Deeper 
mechanistic understanding of photochemical formic acid dehydrogenation provides helpful 
guidance in improving systems to offer a promising mild alternative to reversible hydrogen 
storage reactions controlled by changes in pressure or pH. In the Miller lab, we have carefully 
studied the mechanism of photochemical formic acid dehydrogenation to achieve significant 
improvements in catalytic activity, with greater than 500 TON of H2.
27 Approaches to these 
mechanistic studies, including identifying and shutting down deactivation pathways, are 
described in Chapter 3. 
1.4 Hydrodehalogenation Reactions 
 In addition to formic acid dehydrogenation, hydride transfer reactivity can be utilized in 
hydrodehalogenation reactions. Dehalogenation reactions have been the focus of many recent 
studies due to their application in selective organic synthesis48 and in the decontamination of 
halogenated pollutants in water.49-60 Dehalogenations (Scheme 1.11) have also been invoked in 
biological applications, where bacteria have been found to promote dehalogenation of 
halogenated substrates.109 
Scheme 1.11. General hydrodehalogenation scheme with aromatic and aliphatic substrates. 
 
Several plausible mechanisms for hydrodehalogenation have been invoked using 
different substrates and hydride sources. Oxidative or reductive quenching pathways have been 
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proposed,110, 111 while other systems invoke hydride transfer mechanism to aromatic, aliphatic, 
and allylic substrates from a metal or metalloid hydride.49, 112-118 From these metal and metalloid 
hydrides, there are several different mechanisms that have been proposed, including radical chain 
mechanisms, nucleophilic attack, and direct hydridic attack.114, 119-121 
 Thermal Hydrodehalogenation. 
Several transition metal hydride species have been reported to catalyze 
hydrodehalogenation. However, only one report utilizes Cp*Ir complexes to promote catalysis. 
Hydrodehalogenation has been shown using a [Cp*Ir(bpy)(OH2)]
2+ complex and three water 
soluble alkyl halides using formic acid as a hydrogen donor.30 Using 2-bromopropanoic acid, 2-
chloropropanoic acid, and 3-bromopropanoic acid at room temperature, the catalyst promotes up 
to 9 turnovers of propanoic acid after 6 hours. The transformation is proposed to proceed through 
an SN2 mechanism, where the generated [Cp*Ir(bpy)(H)]
+ species forms a bound transition state 
species with the halogenated substrate, prior to hydride transfer and the breaking of the C-X 
bond of the substrate (Scheme 1.12). The dehalogenation is pH-dependent, with the highest 
activities achieved at pH 5. KIE experiments confirm deuterium incorporation into the 
dehalogenated product when using deuterated formic acid as the hydrogen donor to form the 
active iridium hydride (deuteride) catalyst.  
Scheme 1.12. Proposed transition state of the hydrodehalogenation of 2-bromopropanoic acid 
using [Cp*Ir(bpy)(H)]+. Adapted from ref.30 
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Other transition metal hydrides have been used for hydrodehalogenation. Using 
Cp*2ZrH2, a radical chain mechanism was proposed for aliphatic substrates, while aryl substrates 
exhibited direct hydridic attack from the metal hydride to the aromatic ring.114 In aliphatic 
hydrodehalogenation, fluorohexane was used with the zirconium complex to produce hexane and 
Cp*2ZrHF. Sodium and naphthalene were added to initiate the radical reaction, allowing the 
reaction to proceed three times faster than the rate without the radical initiators. Strong evidence 
for the proposed radical mechanism was made possible through reaction with 
cyclopropylcarbinyl fluoride (Scheme 1.13). The cyclopropylcarbinyl radical undergoes 
irreversible ring-opening to form the butenyl radical if radicals are present in a reaction.122 After 
15 minutes, Cp*2ZrHF and Cp*2Zr(n-butyl)H were observed in the reaction. No 
methylcyclopropane was detected. These observations support a mechanism where a fluorine 
radical is abstracted by the Cp*2ZrH
• to form the cyclopropylcarbinyl radical and Cp*2ZrHF. The 
cyclopropylcarbinyl radical quickly undergoes ring opening to form the butenyl radical which 
abstracts a hydrogen atom from Cp*2ZrH2 to propagate the radical chain. Butene then inserts into 
a second equivalent of Cp*2ZrH2 to form the zirconium butyl hydride complex. 
Scheme 1.13. Proposed radical chain mechanism for the hydrodehalogenation of aliphatic 
substrates using Cp*2ZrH2. Adapted from ref.
114 
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In aromatic hydrodehalogenation, fluorobenzene was used with the zirconium complex to 
produce benzene, Cp*2ZrHF, and Cp*2Zr(C6H5)F. The reaction was not inhibited with radical 
traps 9,10-dihydroanthracene or triphenylmethane. Furthermore, the reaction was not promoted 
with sodium or naphthalene radical initiators. Therefore, the aromatic hydrodehalogenation 
activity is best described as a direct nucleophilic attack by hydride on the aromatic ring, an SNAr 
mechanism. Fluoride can then be abstracted by the zirconium complex to form the benzene 
product (Scheme 1.14). 
Scheme 1.14. Proposed direct hydridic attach mechanism for the hydrodehalogenation of 
aromatic substrates using Cp*2ZrH2. Adapted from ref.
114 
 
Another mechanistic study was provided using nickel as the transition metal catalyst to a 
series of geminal dihalide substrates.123 As shown in Schemce 1.15, the system utilizes two 
different oxidation states of the nickel pincer catalyst, as the NiI and NiII-H complexes. A NiI 
complex was prepared to serve as a halogen atom abstractor from the geminal dihalide, 
generating a NiII-Cl complex and a radical halide. The radical halide can then reversibly 
coordinate to the generated NiII-Cl. Finally, the radical is trapped by the NiII-H complex, which 
undergoes H atom transfer to the radical species (Scheme 1.15). 
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Scheme 1.15. Proposed reaction scheme for the hydrodehalogenation of geminal dihalides using 
a NiI/NiII-H catalyst combination. Adapted from ref.123 
 
Supporting this proposed mechanism, addition of TEMPO radical trap immediately 
halted product formation. Bromomethylcyclopropane, known to ring open under radical 
conditions, was added to the NiI complex, resulting in the formation of a Ni-Br complex and 
bound n-butene (Scheme 1.16). In another experiment, LiEt3BH was added to a labeled Ni-D 
complex to test the isotopic composition of the hydrodehalogenation product by determining the 
source of the hydrogen atom (Scheme 1.17). Incorporation of deuterium in the product was 
clearly observed, suggesting the NiII-D complex is the hydrogen atom source for the reaction. 
 
Scheme 1.16. Bromomethylcyclopropane radical test for the hydrodehalogenation of geminal 
dihalides using a NiI/NiII-H catalyst combination yields bound n-butene and the Ni-Br complex. 
Adapted from ref.123 
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Scheme 1.17. Deuterium incorporation test to determine the hydrogen source in the 
hydrodehalogenation reaction. Adapted from ref.123 
 
 Photochemical Hydrodehalogenation. 
 Instead of promoting hydrodehalogenation under harsh conditions with strong oxidants or 
reductants, we wanted to see if photochemical hydrodehalogenation activity could be achieved 
using Cp*Ir complexes. Under mild reaction conditions, direct light-triggered hydride transfer 
has the potential to promote hydrodehalogenation more cleanly, and without the need for radical 
initiators or multiple catalysts in the same reaction. There have been no reports of Cp*Ir 
reactivity towards photochemical hydrodehalogenation, but several reports of photoredox 
catalysis using iridium photosensitizing complexes have been shown to promote the reaction.  
In recent years, photoredox catalysis has been used to achieve photo-assisted 
dehalogenation transformations.48, 124, 125 Ru and Ir based polypyridyl complexes have been 
utilized as photoredox catalysts for atom transfer radical addition reactions. While many organic 
molecules lack visible light absorption properties, a separate visible light absorbing photocatalyst 
can be used as a photosensitizer for the organic substrates to promote the desired chemical 
transformation. Ru(bpy)3Cl2 is often used as the photosensitizer, thanks to its well-known 
photochemical properties, straightforward synthesis, and commercial availability.  
Ru(bpy)3
2+ photocatalyst, 9,10-dihydro-10-methylacridine (AcrH2) electron donor, and 
phenacyl halide electron acceptor substrate was used by Fukuzumi in a dehalogenation scheme 
using 452 nm light.110 The excitation of Ru(bpy)3
2+ generates AcrH+ and acetophenone, serving 
as the photosensitizer towards the photoreduction of phenacyl bromide by the electron donor, 
AcrH2. A reaction scheme is depicted below in Scheme 1.18. The reaction mechanism was 
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carefully studied in the absence and presence of a Bronsted acid, HClO4. In the absence of 
HClO4, a reductive quenching pathway is proposed (Scheme 1.19), where the excited state 
Ru(bpy)3
2+* is quenched by electron transfer from AcrH2 to produce the ground state Ru(bpy)3
+ 
and AcrH2
•+. The generated Ru(bpy)3
+, a strong reductant, readily reduces the phenacyl bromide 
to yield acetophenone and regenerate Ru(bpy)3
2+.  
Scheme 1.18. Hydrodehalogenation of phenacyl bromide using AcrH2 electron donor, 
Ru(bpy)3
2+ photosensitizer, and 452 nm light. Adapted from ref.110 
 
Scheme 1.19. Reductive quenching mechanism for the hydrodehalogenation of phenacyl halide 
in the absence of HClO4. Adapted from ref.
110 
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Alternatively, an oxidative quenching mechanism is proposed in the presence of HClO4. 
(Scheme 1.20). With high acid concentrations, the rate of reductive quenching of Ru(bpy)3
2+* by 
AcrH2 decreases, and the oxidative quenching of Ru(bpy)3
2+* becomes the predominant 
pathway. The phenacyl halide oxidizes the excited state complex to Ru(bpy)3
3+, a very strong 
oxidant that can oxidize AcrH2 even in the presence of acid to produce AcrH2
•+ and regenerate 
Ru(bpy)3
2+. AcrH2
•+ then deprotonates and reacts with the PhC•(OH)CH2X to yield the 
dehalogenated product.  
Scheme 1.20. Oxidative quenching mechanism for the hydrodehalogenation of phenacyl halide 
in the presence of HClO4. Adapted from ref.
110 
 
By varying reaction conditions, Fukuzumi was able to control the reaction pathway by 
modulating the photoredox events. Building upon this idea, Stephenson has applied photoredox 
dehalogenation to a broad scope of halogenated reagents, including α-halides to carbonyls and 
utilizing aryl groups or electron withdrawing groups (Scheme 1.21).111 Similar to Fukuzumi’s 
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report, the reaction mechanism is proposed to go through a reductive quenching of the excited 
Ru(bpy)3
2+* to Ru(bpy)3
+ followed by electron transfer to a C-X bond alpha to the electron 
withdrawing substituent. The alkyl radical is reduced through hydrogen abstraction from formic 
acid or from the electron donor, iPr2NEt (Scheme 1.22). 
Scheme 1.21. Photoredox catalysis towards hydrodehalogenation for a variety of α-halides to 
carbonyls or aryl groups. Adapted from ref.111 
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Scheme 1.22. Proposed mechanism towards reductive hydrodehalogenation of α-halides to 
carbonyls or aryl groups. Adapted from ref.48, 111 
 
Considering a hydride transfer mechanism to halogenated substrates from a metal hydride 
has been proposed for hydrodehalogenation reactions,49, 112-118 the reported dark activity of 
[Cp*Ir(bpy)(H)]+ with 2-bromopropanoic acid, and reported photoredox hydrodehalogenation 
activity using visible light, we wanted to see if Cp*Ir complexes could be used to 
photochemically promote hydrodehalogenation. In the Miller lab, we have shown the ability to 
promote hydride transfer from [Cp*Ir(bpy)(H)]+ using light;27, 69, 80, 126 applying this technique to 
hydrodehalogenation we aim to discover new substrates to serve as hydride acceptors. As an 
additional benefit, the Cp*Ir complexes can transfer hydride using light as a reactivity switch; no 
strong reductants or oxidants are needed for the reaction. Applying a light-driven hydride 
transfer strategy for hydrodehalogenation, we report a new application of photochemistry with 
Cp*Ir and explore the mechanism involved in Chapter 4.  
The following chapters will focus on harnessing the excited state reactivity of iridium 
hydride complexes to drive chemical transformations under mild conditions.  
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Chapter 2 – Photoswitchable Hydride Transfer 
Hydride transfer from [Cp*Ir(bpy)(H)]+ to organic acids will be investigated to determine 
ground and excited state hydricity values. Irradiation of the catalyst with 1-methylnicotinamide 
enhances the reaction rate and selectivity of reduced products. 
Chapter 3 – Photochemical Formic Acid Dehydrogenation 
Moving from stoichiometric to catalytic hydride transfer, [Cp*Ir(bpy)(H)]+ and 
[Cp*Ir(bpy-OMe)(H)]+ catalysts will be used to promote the photocatalytic dehydrogenation of 
formic acid. Thorough investigation of the reaction mechanism will enable significant 
improvements in catalytic performance. 
Chapter 4 – Photoinduced Hydrodehalogenation 
Applying excited state hydride transfer to another application, photocatalytic 
hydrodehalogenation of dichloromethane is observed using [Cp*Ir(bpy)(H)]+ and [Cp*Ir(bpy-
OMe)(H)]+ catalysts. Kinetic studies will allow for the proposal and discussion of mechanism. 
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Chapter 2: PHOTOSWITCHABLE HYDRIDE TRANSFER FROM IRIDIUM TO 1-
METHYLNICOTINAMIDE RATIONALIZED BY THEROCHEMICAL CYCLES 
 
Reproduced in part with permission from Barrett, S. B.; Pitman, C. L.; Walden, A. G.; Miller, A. 
J. M.; J. Am. Chem. Soc. 2014, 136, 14718. Copyright American Chemical Society 2016. 
 
2.1 Introduction 
 Hydride transfer between a transition metal and an organic substrate is involved in 
numerous catalytic transformations, especially hydrogenations and dehydrogenations.1-4 To 
improve hydride transfer catalysis, one can tune the hydride donor ability (hydricity) of the 
catalyst. This strategy is empowered by thermodynamic measurements of hydricity (the free 
energy required for heterolytic M–H bond cleavage) that have emerged over the last 15 years as 
a quantitative guide in catalyst design.5-9 The hydricity of a catalytic intermediate is typically 
tuned through synthetic modification, such as installing more strongly donating ligands to 
generate more hydridic intermediates.  
 This work pursues an alternative strategy for tuning reactivity while avoiding synthetic 
modification: harnessing visible light to enhance hydricity. Hydride [Cp*Ir(bpy)(H)]+ (1) 
releases H2 in the presence of weak acids only under visible light illumination. Photohydride 
thermochemical cycles and experimental studies are both consistent with net hydride transfer 
being greatly promoted by light. In reactions with the organic acceptor 1-methylnicotinamide, 
illumination dramatically accelerates hydride transfer and exhibits photo-switchable product 
selectivity. 
38 
 Hydride 1 was investigated because it is commonly invoked as a catalytic intermediate in 
hydrogenation and dehydrogenation reactions, among other transformations.10-16 While most of 
these reactions proceed without any influence of light, 1 also exhibits photochemical reactivity, 
including stoichiometric light-promoted proton transfer17 and photocatalytic water-gas shift 
reactivity.18-21 Photochemical H2 release involving formal H
– donation from a metal hydride to a 
proton source is rare.18-25 Photohydride transfer from an M−H bond to an organic substrate is 
apparently unprecedented, despite the potential utility of light-triggered reductions.    
2.2 Results and Discussion 
 We recently harnessed the proclivity of 1 to release H2 under illumination to realize a 
photoelectrocatalytic water reduction cycle.26 Hydride 1 is produced in an electrochemical step 
before undergoing light-triggered H2 evolution. The action of light is striking: no catalytic 
activity is observed in the dark, but visible light illumination triggers catalysis. The formal 
photohydride reactivity of 1 sparked our interest in understanding the difference between ground 
state and excited state hydricity and expanding such photohydride reactivity to organic 
substrates. 
 Thermodynamic calculations were a useful starting point in rationalizing the reactivity of 
1 and its excited state, 1*. All thermodynamic values are determined and reported in CH3CN 
solvent, in order to facilitate comparisons with values previously established for other 
hydrides.27-30 The ground state hydricity of 1 (∆GºH–) can be determined by obtaining the pKa of 
1 and the reduction potential of [Cp*Ir(bpy)(NCCH3)]
2+ (2), according to Equation 2.1.31 The 
constant CH– (79.6 kcal·mol
−1) is the formal potential for 2e– reduction of H+ to H–.31 
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∆GºH– = 1.37·(pKa) – (–46.12)·(E1/2) + CH–  (Equation 2.1) 
Spectrophotometric titration of hydride 1 in CH3CN with 1,8-diazabicyclo[5.4.0]undec-7-ene 
(DBU) provided a pKa value of 23.3.(See Experimental Section for additional information) 
Cyclic voltammetry (CV) of CH3CN complex 2 revealed a quasi-reversible 2e
– reduction at –
1.07 V vs. Cp2Fe
+/0. The ground state hydricity of 1 was determined according to Equation. 2.1: 
∆GºH– = 62 kcal·mol–1. This value is similar to the ubiquitous biological hydride transfer reagent 
NADH.32, 33 
Scheme 2.1. Hydricity of Complex 1. 
 
 The relatively weak ground state hydricity of 1 leads to good stability even in quite acidic 
environments when protected from light. In the dark, hydride 1 showed no reaction after 1 hour 
when mixed with acetic acid (pKa 23.5),
34 triethylammonium (pKa 18.8),
35 or pyridinium (pKa 
12.5).35 Even after 2 months in the dark, only 35% of 1 had reacted with [Hpy]+, and heating 1 
and [Hpy]+ to 80 ºC for 3 h led to only ~10% consumption of 1. Only moving to the stronger 
methanesulfonic acid (pKa = 10.0)
36 was rapid H2 release observed (along with complete 
consumption of 1 and formation of 2). These observations are consistent with the determined 
hydricity of 1, according to DuBois’ equations for predicting H2 release from a hydride and an 
acid.37 The relative acid stability of 1 may explain the high activity of Cp*Ir-based catalysts for 
hydrogenation of carboxylic acids and disproportionation of formic acid.15, 16  
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 A thermodynamic measure of excited state hydricity was developed next. Thermodynamic 
studies of photohydrides (unlike photoacids)38-40 are lacking, but an excited state hydricity, 
∆GºH–*, can be considered in the context of ∆GºH–, as shown in Scheme 2.1. The excited state 
hydricity (Equation 2.5) is provided by Equation 2.2 through Equation 2.4. The thermochemical 
cycle assumes that hydride transfer is coupled to ground state relaxation, in analogy to excited-
state electron transfer and some photoacid reactions (Scheme 2.2).41, 42  
   1*  Cp*Ir(bpy) + H+  (Equation 2.2) 
   Cp*Ir(bpy) + CH3CN  2 + 2e–  (Equation 2.3) 
   H+ + 2e–  H–    (Equation 2.4) 
   1* + CH3CN  2 + H–  (Equation 2.5) 
The pKa* of 1 (Equation 2.2) was estimated based on the energy difference between the 
lowest vibrational states of 1 and 1* (E00). Hydride 1 exhibited featureless emission (em,max = 
708 nm = 14,100 cm–1) in CH3CN that did not overlap with the excitation spectrum appreciably, 
consistent with previously reported triplet emission from a charge transfer transition.17-21 The 
low energy edge of the emission spectrum was used to estimate E00 = 16,900 cm
–1, providing 
pKa* = –12. (See Experimental Section for additional details) The strongly photoacidic excited 
state is consistent with the reported ability of 1 to protonate CH3OH.
17  
∆GºH–* = –(E00/350) + 1.37·(pKa) – (–46.12)·(E1/2) + CH–    (Equation 2.6) 
  The excited state hydricity of 1 can be predicted using Equation 2.6: ∆GºH–* = 14 kcal·
mol–1. The predicted value of ∆GºH–* suggests that 1 is a much stronger hydride donor in its 
triplet excited state than in its ground state, consistent with observed photocatalysis.26 Strikingly, 
excited state 1* is predicted to be an incredibly potent hydride donor — thermodynamically 
41 
stronger than the “super hydride” [HBEt3]– (~26 kcal·mol–1) used extensively in organic 
reductions.43 
  
Scheme 2.2. “Cube scheme” diagram showing thermochemical relationships between excited 
state and ground state species. In the scheme above, Ir represents Cp*Ir(bpy). 
It is noteworthy that the thermochemical cycles predict that 1* should both be a stronger 
acid and a stronger hydride donor. The strongly hydridic excited state, in particular, poses a 
paradox: the excited state 1* was previously assigned as originating from a MLCT transition in 
which transfer of electron density on the bpy ligand leads to formal oxidation of the Ir center,17, 
44 seemingly indicating an acidic (rather than hydridic) excited state. This paradox can be 
rationalized by noticing that while 1* is a strong acid, the reduced bpy ligand is simultaneously a 
strong reductant, rendering the net transfer of a hydride (H+/2e–) thermodynamically favorable.  
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Scheme 2.3. Reactivity of Complex 1 with Organic Acids. 
 
Experimental validation of the thermodynamic predictions was sought through 
photoreactivity of 1 with organic acids (Scheme 2.3), with 1 as a formal source of H–. H2 release 
is favorable if the sum of the hydricity (∆GºH–) and the free energy of proton loss (1.37·pKa) is 
less than 76 kcal·mol–1 (the free energy of heterolytic H2 cleavage), see Equation. 2.29. As 
discussed above, no H2 release was observed in the dark with pyridinium ([Hpy]
+), HNEt3
+, or 
HOAc over 1 h at room temperature. If the hydricity of 1 is sufficiently enhanced upon 
photoexcitation, however, H2 release should be observed. 
Illuminating solutions of 1 and [Hpy][OTs] (Hpy = pyridinium, OTs = tosylate) in 
CD3CN with a 460 nm LED lamp led to rapid H2 release within 1 h at room temperature. 
Complete conversion to [Cp*Ir(bpy)(py)]2+, as judged by 1H NMR spectroscopy and 
electrospray ionization–mass spectrometry (ESI–MS), was accompanied by the formation of H2 
gas (1H NMR  4.57 ppm).  
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Photohydride reactivity was also observed with the weaker acid [HNEt3][BF4], with 
complete consumption of 1 (and formation of 2) in less than 10 minutes of illumination (Scheme 
2.3). The quantum yield for this reaction was assessed using the ferrioxalate actinometer.45-47 The 
photon flux passing through an NMR tube was determined to be 2.18 x 10–8 mol·photons·s−1, 
providing a quantum yield  = 0.29. 
Even acetic acid, an acid of similar strength to 1, gave high yields of H2 gas in less than 10 
min. The Ir-containing product was [Cp*Ir(bpy)(OAc)]+ (3) according to ESI-MS, as  further 
confirmed based on an independent synthesis of 3. A 74% yield of H2 was quantified by 
headspace gas chromatography.  
Photoexcitation clearly enhances the ability of 1 to perform a net hydride transfer. Only a 
hydride featuring ∆GºH– < 43 kcal·mol–1 is thermodynamically capable of H2 release with acetic 
acid. Accordingly, irreversible H2 photoevolution from 1 and the weak acid HOAc establishes a 
limiting hydricity value, according to Equation 2.32 through Equation 2.34: ∆GºH–* < 43 
kcal·mol–1. This represents an almost 20 kcal·mol–1 enhancement in experimentally measured 
hydricity relative to the ground state hydricity.  
Scheme 2.4. Formation of Iminoacyl Complex. 
 
The experimental hydricity value is apparently limited by the acidity of 1 (pKa = 23.3). 
When acids weaker than acetic acid are employed, decomposition to a mixture of species is 
observed upon illumination, suggesting that 1 may also be acting as a sacrificial proton donor in 
these reactions. The major product from this mixture was produced cleanly upon photolysis of 1 
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in water/acetonitrile mixtures in the presence of a chloride source (Scheme 2.4). No discernible 
reaction took place in the dark. NMR spectroscopy of the resulting product revealed two distinct 
sets of Cp* and bpy resonances in a 1:1 ratio. X-ray diffraction of yellow single crystals of the 
product revealed an unusual bridging iminoacyl structure [Cp*Ir(bpy)(-
N(H)C(CH3))(bpy)IrCp*][PF6]3
 (4, Figure 2.1).48-52 The mechanism by which 4 is formed is 
unclear at this time (as is the role of chloride), but 4 is commonly observed as a side product in 
reactions that do not undergo clean H- transfer. A plausible mechanism toward formation of the 
bridging iminoacyl complex is depicted in Scheme 2.5. Upon irradiation, an excited 1* is 
proposed to react with a ground state 1, releasing H2 and yielding Cp*Ir
I(bpy) as well as 
[Cp*Ir(bpy)(NCCH3)]
2+. Nucleophilic attack from Ir1 to the nitrile carbon on the acetonitrile-
bound complex in the presence of an acid source yields 4. Independent synthesis of Cp*IrI(bpy) 
and [Cp*Ir(bpy)(NCCH3)]
2+, followed by mixing in acetonitrile solvent does indeed yield 4, 
providing support for the proposed mechanism.  
 
 
Figure 2.1. Structural representation of 4 (ellipsoids at 50% probability). Three PF6 ions, two 
CH3CN molecules, and H atoms omitted for clarity. A H-bond between one CH3CN and the 
imine NH is observed (N-N: 3.201 Å).12 Selected bond distances (Å) and angles (º): Ir1–N1 
2.149, Ir2–C1 2.126, N1–C1 1.245, C1–C2 1.503, Ir1–N1–C1 131.8, Ir2–C1–N1 119.7, Ir2–C1–
C2 129.5.  
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Scheme 2.5. Proposed mechanism for the formation of 4. 
 
With a better understanding of the thermodynamics of photohydride transfer in hand, the 
ability of 1 to reduce organic substrates was assessed using nicotinamide derivatives. The 
calculated hydricity of 1,4-dihydro-1-methylnicotinamide (MNA-H)  is ∆GºH– = 56 kcal·mol–1,28 
similar to other 1,4-dihydronicotinamide derivatives (∆GºH– ~ 56–64 kcal·mol–1),23, 32, 33 
suggested that hydride transfer from 1 would be unfavorable while hydride transfer from 1* 
would be highly favorable. Mixtures of 1 and [MNA][BF4]
 (MNA is 1-methylnicotinamide) 
showed no detectable reaction after 6 hours in the dark, consistent with the thermodynamic 
predictions. After 1 h illumination, however, significant conversion to the doubly-reduced 
product, 1-methyl-1,4,5,6-tetrahydronicotinamide (MNA-H3, ~10% yield) was observed. The 
reduction of a nicotinamide derivative to the tetrahydro product by a homogeneous transition 
metal hydride is extremely rare.53 Typical conditions for the double reduction of pyridinium salts 
include strong main group hydride donors (e.g. NaBH4)
54 or Pd/C under H2.
55-58 Transition metal 
hydride complexes, including strong hydride donors such as [Cp*Rh(ppy)(H)]+ (∆GºH– = 49 
kcal·mol–1, ppy = 2-phenylpyridine)59, 60 and [Ru(tpy)(bpy)(H)]+ (∆GºH– = 39 kcal·mol–1, tpy = 
2,2’:6’,2”-terpyridine)61 give only 1,4- and 1,6-reduced species.62-64 The double reduction of 
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MNA+ in a fashion analogous to borohydride reagents is further evidence of the greatly enhanced 
excited state hydricity of 1*.   
Strategies to tune the product selectivity were considered next. To provide more 
thermodynamic driving force (and avoid possible reversion in the dark), the iodide salt of MNA+ 
was utilized in order to produce a more stable Ir–I product. As shown in Table 1.1, mixtures of 1 
and excess [MNA][I] (1:4.4) produced the normally observed 1,4-reduced product MNA-H in 
52% yield (with respect to 1) after just 10 min of illumination. Only small amounts of 1,6-
reduced MNA-H' (10%) and doubly-reduced MNA-H3 (7%) were observed, even after 20 
minutes. The major Ir-containing product was [Cp*Ir(bpy)(I)]+; the adduct of the conjugate base 
of MNA+, [Cp*Ir(bpy)(MNA)]2+, was also observed in small quantities.64 The quantum yield for 
production of MNA-H and MNA-H' was determined to lie in the range 0.03 <  < 0.20, 
depending on reaction conditions. No reduced products were observed in the dark, even after 1 
hour.  
Table 1. Visible light-promoted hydride transfer from [Cp*Ir(bpy)(H)][OTf] (1) to [MNA][I].a 
   
[1]:[MNA+] 
Time 
(min) 
Yield of  
MNA-H (%) 
Yield of  
MNA-H' (%) 
Yield of 
MNA-H3 (%) 
Dark Light Dark Light Dark Light 
1:4.4 10 0 52 0 7 0 3b 
20 0 59 0 10 0 7b 
4.8:1 10 9 21 6 3 0 15 
60 24 0 15 0 0 24 
aYields determined by 1H NMR and calculated relative to limiting reagent. bMaximum yield is 50%. See the 
Supporting Information for full details. 
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Upon photolysis of MNA+ in the presence of excess 1, doubly-reduced MNA-H3 was the 
sole reduced nicotinamide product after 60 min of illumination (24% yield with respect to 
MNA+, Table 1.1). When the same mixture is allowed to react in the dark for 60 minutes, only 
singly-reduced products are formed — no MNA-H3 is observed in reactions carried out in the 
dark, even with reaction times up to 6 hours. Doubly reduced MNA-H3 is apparently formed by 
two sequential H- transfers, in addition to one proton transfer. MNA-H and MNA-H' are 
observed as intermediates at early times (Table 2.1 and Appendix A). The product forms in the 
absence of water, so MNA+ or 1 itself may be acting as an acid source. Under conditions of high 
concentrations of 1, H2 release and formation of bimetallic 4 become competitive.  
2.3 Conclusions 
The photohydride strategy offers powerful tunability of nicotinamide reductions. First, 
dramatic rate enhancements are observed under illumination relative to dark reactions: in ~1:1 
mixtures of 1:MNA+, visible light illumination accelerated the production of 1,4-reduced product 
(MNA-H) by a factor of ~200 compared to reactions carried out in the dark (Appendix A). 
Second, selectivity can be photo-switched from singly-reduced to doubly-reduced products with 
complete fidelity (Table 1.1).   
In summary, visible light has been shown to promote hydride transfer reactions from 
[Cp*Ir(bpy)(H)]+ to several organic acids and to 1-methylnicotinamide. A method for 
determining excited state hydricity was presented, revealing an increase in thermodynamic 
hydride donor ability upon light absorption of at least 18 kcal·mol–1. In reactions with 
nicotinamide derivatives, illumination accelerates production of 1,4-reduced species. Under 
conditions of excess hydride, illumination leads to a complete switch in selectivity, producing an 
unusual doubly-reduced product. The products are consistent with net photohydride reactivity, 
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but questions remain concerning the detailed mechanism: the reaction could proceed via 
concerted H– transfer, separate transfer of H+ and 2e–, or even stepwise H• and e– transfer. 
Deeper mechanistic understanding and the promise of utilizing light to activate catalytic 
hydrogenations motivate future research.  
2.4 Experimental Section 
General Considerations. 
 Manipulations were performed under the inert nitrogen atmosphere of a Schlenk line or a 
glovebox, except as noted. Water and formic acid were thoroughly degassed by sparging with 
nitrogen before use. Organic solvents were dried and degassed with argon using a Pure Process 
Technology solvent system. D2O was purchased from Cambridge Isotope Laboratories, Inc. and 
sparged with nitrogen before being stored in a glovebox. CD3CN was purchased from Cambridge 
Isotope Laboratories, Inc. and degassed by three freeze-pump-thaw cycles before drying by 
passage through a small column packed with activated alumina. [Cp*Ir(Cl)2]2,
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[Cp*Ir(bpy)(Cl)][Cl],66 [Cp*Ir(bpy)(H2O)][OTf]2,
15 [Cp*Ir(bpy)(H)][PF6],
16 reduced MNA 
products (MNA-H, MNA-H', and MNA-H3),
67-69 and [K3][Fe(C2O4)3]
70 were synthesized 
following established procedures. Tetrabutylammonium hexafluorophosphate ([Bu4N][PF6], 
VWR, 98%) was twice recrystallized from ethanol. All other materials were readily 
commercially available and were used as received. The hydrides [Cp*Ir(bpy)(H)][PF6] and 
[Cp*Ir(bpy)(H)][OTf] were utilized interchangeably in these studies, and showed similar 
behavior. The OTf salt was preferred for most hydride transfer studies due to enhanced solubility 
in CH3CN and CH3CN/H2O mixtures. 
 1H and 13C(1H) NMR spectra were recorded on 400 or 600 MHz spectrometers at 25 ºC. 
Chemical shifts are reported with respect to residual proteo solvent.71 ESI-MS data was acquired 
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on a Micromass Triple Quadrupole Mass Spectrometer with a Z-spray nano-electrospray source 
and an Advion TriVersa NanoMate sampling system. UV-Vis spectra were obtained with either a 
Cary 60 spectrophotometer or an Ocean Optics USB2000+ spectrometer with a DT-MINI-2GS 
deuterium/tungsten halogen light source controlled by OceanView software. Infrared 
spectroscopy was carried out with a Bruker Alpha FT-IR equipped with an ATR module. Single-
crystal X-ray diffraction (XRD) was performed with a Bruker SMART APEX II diffractometer 
using Cu radiation. Visible light photolysis was carried out using an EagleLight 460 nm (± 12 
nm at half-max intensity) LED lamp (500 lumens at 15 W). A Coherent FieldMaxII Laser 
Power/Energy Meter (photodiode) was used for electronic photon flux measurements. 
Electrochemical measurements were performed in a nitrogen glovebox with a Pine Instruments 
WaveNow potentiostat controlled by Aftermath software. All potentials are reported with respect 
to Cp2Fe
+/0 internal standard. 
Steady-state emission and excitation spectra were recorded on a Photon Technology 
International, Inc. Quantamaster 4SE-NIR5 spectrometer PC-controlled by FeliX32 software.  
Excitation light was provided by a 75 W Xenon light source coupled to a single monochromator 
outfitted with a 1200 L/mm grating blazed at 400 nm. A 300 nm long pass filter was placed 
before the sample to prevent deep UV excitation from a second order grating effect.  Emission 
was collected at a right angle relative to excitation, focused into a single monochromator (grating 
blazed at 500 nm with 1200 L/mm) and detected by a Hamamatsu R928P photomultiplier tube 
used in single photon counting mode. Bandwidths for both emission and excitation 
monochromators were fixed at 6 nm for all experiments.  All spectra were corrected for system 
response. 
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Synthetic Procedures. 
Synthesis of [Cp*Ir(bpy)(H)][OTf] (1). 
A 3 M formic acid solution was prepared by adding 5.8 mL 98% formic acid to 50 mL of 
water. The solution was adjusted to pH 5 (pH electrode meter) using potassium hydroxide. The 
formic acid solution was sparged prior to storage in a nitrogen-filled glovebox. Addition of 10 
mL of 3 M formic acid at pH 5 to 119.2 mg (0.149 mmol) [Cp*Ir(bpy)(H2O)][OTf]2 in a 20 mL 
scintillation vial produced a yellow solution that was protected from light and stirred for 2 h. 
After the first hour, the reaction vessel cap was vented to release any CO2 generated during the 
reaction. The cap was then replaced and the solution was stirred for an additional hour. The 
product was extracted with 3 x 3 mL CH2Cl2. The extract was then washed with 3 x 3 mL 
aqueous LiOTf solution (155.3 mg, 0.995 mmol, in 10 mL water). The product was next washed 
with 3 x 3 mL of water. The final water wash was extracted with CH2Cl2 to recover any product 
lost to the aqueous layer. The yellow product was dried in vacuo to afford pure 1 (87.9 mg, 93% 
yield). Spectroscopic data closely matched the previously reported hexafluorophosphate salt.11 
1H NMR (CD3CN): δ 8.89 (d, J = 5.7 Hz, 2H), 8.39 (d, J = 8.1 Hz, 2H), 8.07 (td, J = 8.0, 1.3 Hz, 
2H), 7.59 (ddd, J = 7.3, 5.7, 1.4 Hz, 2H), 1.83 (s, 15H), –11.56 (s, 1H).  
Synthesis of [Cp*Ir(bpy)(NCCH3)][PF6]2  (2). 
In a nitrogen-filled glovebox, a 20 mL scintillation vial was charged with 12.5 mg (0.0225 
mmol) [Cp*Ir(bpy)(Cl)][Cl]. A second 20 mL scintillation vial was charged with 12.0 mg 
(0.0475 mmol) AgPF6 and 5 mL CH3CN. The AgPF6 solution was added to the vial containing 
[Cp*Ir(bpy)(Cl)][Cl], and the mixture was stirred for 30 min. The AgCl precipitate was removed 
from the solution via filtration. The pale yellow filtrate was dried in vacuo to afford 11.8 mg of 2 
(64% yield). In CD3CN solution the bound nitrile is deuterated, as evidenced by the presence of 
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free acetonitrile (δ 1.96).71 1H NMR (CD3CN): δ 8.93 (d, J = 5.5 Hz, 2H), 8.52 (d, J = 8.1 Hz, 
2H), 8.34 (td, J = 7.9, 1.4 Hz, 2H), 7.89 (ddd, J = 7.3, 5.7, 1.3 Hz, 2H), 1.68 (s, 15H). 13C(1H) 
NMR (CD3CN): δ 157.09, 153.34, 142.65, 130.58, 125.72, 93.40, 8.71. ESI-MS: calcd. m/z for 
C22H26F6IrN3P
+ ([Cp*Ir(bpy)(NCCH3)][PF6]
+): 670.14, observed m/z: 670.21. Anal. calcd. for 
C22H26F12IrN3P2: C, 32.44; H, 3.22; N, 5.16. Found: C, 32.24; H, 2.95; N, 5.00. 
Independent Synthesis of [Cp*Ir(bpy)(OAc)][OAc] (3).  
In a nitrogen-filled glovebox, a 20 mL scintillation vial was charged with 5.7 mg (0.0103 
mmol) [Cp*Ir(bpy)(Cl)][Cl], and 3.7 mg (0.0222 mmol) AgOAc, and 1 mL of CD3CN. The 
reaction mixture was protected from light and stirred for 1 h. The AgCl precipitate was removed 
from the solution via pipette filtration, yielding a yellow solution. Spectroscopic analysis 
confirmed that 3 was the product of the photochemical reaction of 1 with HOAc (vide infra). 1H 
NMR (CD3CN): δ 9.12 (d, J = 5.4 Hz, 2H), 8.46 (d, J = 8.1 Hz, 2H), 8.22 (td, J = 7.9, 1.5 Hz, 
2H), 7.77 (ddd, J = 7.4, 5.7, 1.5 Hz, 2H), 1.63 (s, 15H), 1.53 (s, 3H). 13C(1H) NMR (CD3CN): δ 
176.65, 156.82, 153.27, 141.33, 129.07, 124.80, 88.81, 23.26, 8.85. ESI-MS: calcd. m/z for 
C22H26IrN2O2
+ ([Cp*Ir(bpy)(OAc)]+): 543.16, observed m/z: 543.21. 
Synthesis of [Cp*Ir(bpy)(µ-N(H)C(CD3))(bpy)IrCp*][OTf]3 (4-OTf). 
In a nitrogen-filled glovebox, 6.0 mg (0.0095 mmol) 1 and 0.1 mL CD3CN (containing 
mesitylene internal standard) were added to a 20 mL scintillation vial. A second 20 mL 
scintillation vial was charged with 3.6 mg (0.0616 mmol) sodium chloride and 0.5 mL D2O. The 
sodium chloride solution was added to the vial containing 1, and the mixture was transferred to 
an NMR tube. Upon 1 h of irradiation, near-complete consumption of 1 was observed along with 
formation of the [Cp*Ir(bpy)(µ-N(H)C(CD3))(bpy)IrCp*]
3+ (4-OTf) iminoacyl product. See 
below for a preparative-scale synthesis of the corresponding PF6 salt, 4-PF6. 
1H NMR (CD3CN): 
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δ 8.88 (d, J = 5.1 Hz, 2H), 8.64 (d, J = 5.4 Hz, 2H), 8.47 (d, J = 7.9 Hz, 2H), 8.40 (d, J = 7.9 Hz, 
2H), 8.34 (t, J = 8.6 Hz, 2H), 8.25 (t, J = 7.9 Hz, 2H), 7.82 (t, J = 6.4 Hz, 2H), 7.73 (t, J = 6.8 
Hz, 2H), 1.47 (s, 15H), 1.44 (s, 15H). ESI-MS: calcd. for m/z C43H47D3F3Ir2N5O3S
2+ 
([Cp*Ir(bpy)(µ-N(H)C(CD3))(bpy)IrCp*][OTf]
2+): 580.15, observed m/z: 580.24.  
Synthesis of [Cp*Ir(bpy)(µ-N(H)C(CH3))(bpy)IrCp*][PF6]3 (4-PF6). 
In a nitrogen-filled glovebox, a stock solution of sodium chloride was prepared in a 20 mL 
scintillation vial by dissolving 9.5 mg (0.163 mmol) sodium chloride in 1.0 ml H2O. Another 20 
mL scintillation vial was charged with 0.1 mL of the 0.1625 M stock solution of sodium chloride 
(0.0162 mmol) in H2O and an additional 0.9 mL of H2O. To this vial was added 0.4 mL of a 
0.079 M stock solution of 1 (0.0316 mmol) in CH3CN. A stirbar was added, and the solution was 
irradiated for 1 h under constant stirring. After photolysis, the vial was brought back into the 
glovebox and 15.4 mg (0.0945 mmol) ammonium hexafluorophosphate was added to the 
solution, which resulted in formation of a precipitate. The yellow solids were collected on a glass 
filter and rinsed with H2O, followed by CH2Cl2. The solids were dissolved in CH3CN and 
solvent was removed in vacuo to afford [Cp*Ir(bpy)(µ-N(H)C(CH3))(bpy)IrCp*][PF6]3 (4-PF6).
 
1H NMR (CD3CN): δ 8.78 (d, J = 5.5 Hz, 2H), 8.55 (d, J = 5.5 Hz, 2H), 8.33 (d, J = 7.9, 2H), 
8.28 (m, 4H), 8.19 (t, J = 7.4 Hz, 2H), 7.77 (t, J = 6.2 Hz, 2H), 7.70 (t, J = 6.3 Hz, 2H). 1.86 (s, 
3H), 1.40 (s, 15H), 1.36 (s, 15H). 13C(1H) NMR (CD3CN): δ 217.06, 155.97, 155.74, 153.42, 
152.51, 142.55, 141.59, 130.68, 130.58, 125.68, 125.40, 93.86, 91.86, 38.28, 8.68, 8.25. ESI-
MS: calcd. for C42H50F6Ir2N5P
2+ ([Cp*Ir(bpy)(µ-N(H)C(CH3))(bpy)IrCp*][PF6]
2+): 576.65, 
observed. m/z: 576.70. Anal. calcd. for C42H50F18Ir2N5P3: C, 34.93; H, 3.49; N, 4.85. Found: C, 
34.84; H, 3.24; N, 5.01. IR (cm-1): 1609w, 1536m, 1451m, 1388w, 1031w, 826vs, 765s, 555vs.  
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Thermodynamic Considerations 
Ground State Thermodynamic Calculations. 
The ground state hydricity of 1 was determined using previously reported methodology,31 
according to Equation 2.7 to Equation 2.10. 
[Cp*Ir(bpy)(H)]+  Cp*Ir(bpy) + H+   ∆Gº = 1.37·(pKa) (Eq. 2.7) 
Cp*Ir(bpy) + CH3CN  [Cp*Ir(bpy)(NCCH3)]2+ + 2e–        ∆Gº = –(–46.12)·(Eº') (Eq. 2.8) 
  H+ + 2e–  H–    CH– = ∆Gº = (–46.12)·(Eº'H–) (Eq. 2.9) 
[Cp*Ir(bpy)(H)]+ + CH3CN    [Cp*Ir(bpy)(NCCH3)]2+ + H–  ∆GºH–  (Eq. 2.10) 
 The standard conditions for the free energy values are acetonitrile solvent at 298 K, with 
reduction potentials referenced to the Cp2Fe
+/0 couple. The constant CH– is the free energy for the 
2e– reduction of a proton in acetonitrile (CH– = 79.6 kcal·mol
–1).5, 72 Conversion factors: 1.37 is 
RT at 298 K (plus a factor of 2.303 to convert log10 to loge) in kcal·mol
–1; 46.12 is nF at 298 K 
for a 2e– process. 
 To determine the ground state hydricity of 1, the pKa of hydride complex 1 and formal 
potential (Eº') of acetonitrile complex 2 are required. The half-wave potential (E1/2) determined 
experimentally by cyclic voltammetry is taken to be approximately equal to the formal potential 
(Eº') under the standard conditions above. The required thermodynamic values were obtained 
according to the following procedures.  
 Determination of the pKa of 1 in CH3CN. Spectrophotometric titrations were carried out 
under N2 in a glove box using the Cary 60 spectrometer fitted with a fiber optic coupler, fiber 
optic cables passing through a KF-40 feedthrough, and a cuvette holder inside the glovebox.  
A 25 mL solution of 1 (as the PF6
– salt) was prepared by dissolving 3.7 mg (0.0059 
mmol) of 1 in 25 mL of CH3CN. A 2 mL sample of this solution was added to a cuvette and an 
initial absorbance spectrum was taken. Additional spectra were taken after additions of 10 μL of 
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a 0.675 M solution of DBU (DBU = 1,8-diazabicyclo[5.4.0]undec-7-ene, pKa = 24.34 for 
conjugate acid HDBU) in CH3CN (Appendix A, Figure A.10).
35 
 The pKa of 1 was determined by the method outlined by Saouma et al.
73 Plots of 
([Ir]t/[IrH]t)*[HDBU]t vs [DBU]t at three different wavelengths (550, 620 and 750 nm) were 
generated, an example of which is shown in Appendix A, Figure A.11. The pKa was determined 
at three different wavelengths using the following equation: 
   pKa(1) = pKa(HDBU) − log(slope).  (Eq. 2.11) 
From the average value at three different wavelengths, 1 has pKa = 23.3. 
Determination of Half-wave Potential, E1/2. Solid [Cp*Ir(bpy)(NCCH3)][PF6]2 (9.4 mg, 
0.012 mmol) was added to 15 mL 0.1 M [Bu4N][PF6] in CH3CN. A glassy carbon working 
electrode, platinum counter electrode, and Ag/Ag+ (10 mM AgNO3 in 0.1 M [Bu4N][PF6]) 
reference electrode were used in an undivided cell. Cp2Fe was added as an internal reference at 
the end of the experiment. Cyclic voltammetry of [Cp*Ir(bpy)(NCCH3)]
2+ produces a quasi-
reversible 2e– redox couple at −1.07 V vs. Cp2Fe+/0 (∆Ep = 135 mV; ∆Ep for Cp2Fe = 80 mV). 
 Determination of hydricity, ∆GºH–. The ground state hydricity of 1 was determined by 
conversion of the measured pKa and E1/2 values to free energy values, according to Equation 
2.12. The solved equation is provided in Equation 2.13. Hydricity values determined in this way 
are considered to have uncertainty of roughly ±1 kcal·mol–1. 
  ∆GºH– = 1.37·(pKa) – (–46.12)·(E1/2) + CH–    (Eq. 2.12) 
∆GºH– = 1.37·(23.3) – (–46.12)·(–1.07) + 79.6 = 62 kcal·mol–1  (Eq. 2.13) 
Excited State Thermodynamic Considerations and Calculations. 
 A new method for determining excited state hydricity is presented, based on the ground 
state methods just discussed. Scheme 2.2 portrays a “cube scheme” showing the possible 
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pathways for the release of H– from excited state 1*. Note that, unlike ground state hydricity, 
there are two possible definitions of excited state hydricity according to Scheme 2.2: (a) hydride 
transfer from 1* with simultaneous relaxation to the ground state (∆GºH–*); (b) hydride transfer 
from 1* without relaxation (∆GºH–*'). Analogous mechanistic distinctions have been made in 
photoacid reactions.42 We favor ∆GºH–* in analogy to excited state electron transfer reactions, 
which are always considered as occurring with concomitant relaxation to the ground state.41 
Further evidence comes Fukuzumi’s report of very strong photoacidity, consistent with proton 
transfer coupled to relaxation.17 
Equation 2.14 to Equation 2.17 correspond to the situation of Scheme 2.2. The standard 
conditions were chosen to match those of the ground state hydricity determination. The formal 
potentials for Equations 2.15 and Equation 2.16 were already established above. Thus, only the 
excited state acidity, pKa*, must be estimated.  
[Cp*Ir(bpy)(H)]+*  Cp*Ir(bpy) + H+   ∆Gº = 1.37(pKa*)   (Eq. 2.14) 
Cp*Ir(bpy) + CH3CN  [Cp*Ir(bpy)(NCCH3)]2+ + 2e–  ∆Gº = –(–46.12)·(Eº') (Eq. 2.15) 
  H+ + 2e–  H–    CH– = ∆Gº = (–46.12)·(Eº'H–)  (Eq. 2.16) 
[Cp*Ir(bpy)(H)]+* + CH3CN  [Cp*Ir(bpy)(NCCH3)]2+ + H– ∆GºH–*  (Eq. 2.17) 
∆GºH–* = 1.37·(pKa*) – (–46.12)·(E1/2) + CH–     (Eq. 2.18) 
 Determination of Excited State Acidity of 1*, pKa*. As shown in Scheme 2.2, the pKa* of 
1 can be estimated based on the energy difference between the lowest vibrational states of 1 and 
1*, E00, and the ground state pKa. This relationship is also written in Equation 2.19 to Equation 
2.21. To determine E00, the excitation and emission spectra of 1 were obtained. In a nitrogen-
filled glovebox, 4 mL of 1.8 x 10-5 M solution of 1 in CH3CN was added to a quartz fluorescence 
cuvette. An emission spectrum was recorded between 500 and 800 nm by exciting at 428 nm.  
An excitation spectrum was recorded between 360 and 600 nm by monitoring emission at 680 
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nm. An emission maximum was observed at 708 nm, featuring no overlap with the excitation 
spectrum. The low-energy edge of the emission spectrum was estimated as the x-intercept value 
of a linear fit to the rising edge of the emission feature: E00 = 16,900 cm
–1. The excited state 
acidity was determined to be pKa* = –12 using Equation 2.22. A conversion factor of 1/350 
converts wavenumbers to kcal·mol–1. 
[Cp*Ir(bpy)(H)]+*  [Cp*Ir(bpy)(H)]+  ∆Gº = –(1/350)·(E00)     (Eq. 2.19) 
[Cp*Ir(bpy)(H)]+  [Cp*Ir(bpy)(H)]+ + H+  ∆Gº = 1.37·(pKa)   (Eq. 2.20) 
[Cp*Ir(bpy)(H)]+*  Cp*Ir(bpy) + H+  ∆Gº = 1.37·(pKa*)   (Eq. 2.21) 
1.37·(pKa*)  = –(1/350)·(E00) + 1.37·(pKa)      (Eq. 2.22) 
 Determination of Excited State Hydricity. With an estimate for the excited state acidity, 
pKa*, the excited state hydricity can in turn be estimated using Equation 2.23. The numerical 
solution is provided in Equation 2.24. 
∆GºH–* = –(1/350)·E00 + 1.37·(pKa) – (–46.12)·(E1/2) + CH–    (Eq. 2.23) 
∆GºH–* = –(1/350)·(16,900) + 1.37·(pKa) – (–46.12)·(E1/2) + CH– = 14 kcal·mol–1  (Eq. 2.24) 
 Determination of Alternate Excited State Hydricity (∆GºH–*'). The alternative hydricity, 
∆GºH–*', can be estimated by adding E00(2) to the value of ∆GºH–*. As such, the numerical value 
will be larger, suggesting that it is less favorable to undergo hydride transfer without 
simultaneous relaxation to the ground state. The acetonitrile complex [Cp*Ir(bpy)(NCCH3)]
2+ 
(2) is apparently non-emissive,74 so only very crude estimates of E00(2) can be made. One such 
estimate involves taking the difference in max of 1 (max = 433 nm) and 2 (max = 312 nm), and 
adding that energy difference to E00(1). According to this gross simplification, one can estimate 
E00(2) = 26,300 cm
–1. Adding this energy to the ∆GºH–* gives ∆GºH–*' = 88 kcal·mol–1. This 
value would indicate a weaker excited state hydride donor — contrary to experimental 
observations. 
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Experimental Evaluation of Hydricity Based on H2 Evolution. 
 The ground state hydricity has also been determined by establishing equilibrium between 
H2 bond formation and cleavage.
37 According to Equation. 2.25 through Equation 2.27, the 
propensity of a specific hydride/acid pair to release H2 is related to the hydricity and the acidity 
of each species. In the present context, this method has been used simply to establish reaction 
favorability. The previously determined hydricity can be used to predict which acids will react 
with the hydride of interest to release H2. The 76 kcal·mol
–1 value is derived from the bond 
dissociation free energy of H2, the ionization energy of H and the electron affinity of H.
37  
MH+ + HBase+  M2+ + H2 + Base ∆Gº = 1.37·(pKeq)  (Eq. 2.25) 
Base + H+  HBase+   ∆Gº = –1.37·(pKa) (Eq. 2.26) 
  H2  H+ + H–    ∆Gº = 76 kcal·mol–1     (Eq. 2.27) 
  MH+  M2+ + H–    ∆GºH–      (Eq. 2.28) 
 This method can be used to check either the ground state hydricity or excited state 
hydricity. For example, the hydricity of 1 was determined to be 62 kcal·mol–1, so the reaction 
with methanesulfonic acid (pKa = 10.0)
36 is predicted to be favorable. 
   ∆GºH– = –1.37·log(Keq) – 1.37·(pKa) + 76  (Eq. 2.29) 
   ∆GºH– = ∆Gºrxn – 1.37·(10.0) + 76 = 62 kcal·mol–1 (Eq. 2.30) 
    ∆Gºrxn = –0.3 kcal·mol–1   (Eq. 2.31) 
 As predicted, solutions of 1 react with methanesulfonic acid in the dark to produce H2 
and [Cp*Ir(bpy)(NCCH3)]
2+. On the other hand, solutions of 1 and pyridinium p-
toluenesulfonate (pKa = 12.5)
35 were not observed to react in the dark, consistent with the 
predicted ∆Gºrxn = +3 kcal·mol–1.  
 Based on the excited state hydricity estimate of 14 kcal·mol–1, acids as weakly acidic as 
pKa = 46 would be expected to release H2 under photolysis! This prediction could only be tested 
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experimentally up to a pKa value of 23.5 for acetic acid.
34 The use of weaker acids led to 
decomposition reactions (see Results and Discussion above). 
 The same set of equations can be used to put an experimental upper limit on the 
numerical value of the excited state hydricity, ∆GºH–*, based on the irreversible reaction 
observed with acetic acid. No attempts to establish equilibrium with H2 were made. Rather, the 
hydrogen evolving reaction with acetic acid that proceeded to completion was assigned a 
minimum value of Keq = 10. Based on this assumption, Equation 2.32 to Equation 2.33 were used 
to provide a hydricity estimate of ∆GºH–* < 43 kcal·mol–1. 
   ∆GºH–* < –1.37·log(Keq) – 1.37·(pKa) + 76 (Eq. 2.32) 
   ∆GºH–* < –1.37·log(10) – 1.37·(23.3) + 76 (Eq. 2.33) 
    ∆GºH–* < 43 kcal·mol–1  (Eq. 2.34) 
NMR Scale Reactions: Organic Acids 
General Procedure. 
Reactions with organic acids were carried out on an NMR scale. Reaction mixtures in 
NMR tubes were prepared in a nitrogen-filled glovebox as described in specific cases below, and 
the tubes were sealed and wrapped with parafilm. After initial NMR spectra were taken, one 
(light) sample was illuminated with the 460 nm LED lamp for the desired time. The other (dark) 
sample was protected from light. The given reaction times for light samples are the time under 
active irradiation (time protected from light, where no background reaction was observed, is not 
counted); for dark samples, it is the total reaction time from initial reactant mixing. The reaction 
was monitored by NMR spectroscopy periodically. Product yields were determined from NMR 
integrations relative to a mesitylene internal standard and are based upon the amount of 1 at the 
beginning of the reaction. The yield of H2 and the photochemical quantum yield were established 
in representative examples as described below. 
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Reactions with Organic Acids 
Reaction of 1 with methanesulfonic acid. A 20 mL scintillation vial was charged with 
2.0 mg (0.0032 mmol) 1 and 0.5 mL of CD3CN (containing mesitylene internal standard). 
Methanesulfonic acid (1.3 µL, 0.0200 mmol) was added to the reaction mixture and the contents 
were transferred to an NMR tube, protected from light. Within 10 minutes in the dark, 
conversion to [Cp*Ir(bpy)(NCCD3)]
2+ (2) exceeded 70%. After 1 h in the dark, complete 
conversion to 2 was observed. 
Reaction of 1 with pyridinium p-toluenesulfonate. A 20 mL scintillation vial was 
charged with 1.9 mg (0.0074 mmol) pyridinium p-toluenesulfonate. A 0.333 mL aliquot of a 
0.011 M stock solution of 1 (0.0037 mmol) was added using a micropipette. To this solution was 
added 0.666 mL of CD3CN (containing mesitylene internal standard). The mixture was divided 
into two NMR tubes (~0.5 mL per tube) and monitored by NMR spectroscopy. In the dark, no 
reaction was observed over 1 h. Upon 1 h of irradiation, complete consumption of 1 was 
observed along with formation of the [Cp*Ir(bpy)(py)]2+ product. Spectroscopic details for 
[Cp*Ir(bpy)(py)]2+: 1H NMR (CD3CN): δ 9.17 (d, J = 5.5 Hz, 2H), 8.47 (d, J = 8.0 Hz, 2H), 8.31 
(td, J = 7.8, 1.2 Hz, 2H), 8.29 (dd, J = 6.6, 1.2 Hz, 2H), 8.01 (ddd, J = 7.3, 5.7, 1.2 Hz, 2H), 7.89 
(tt, J = 7.8, 1.2 Hz, 1H), 7.43 (td, J = 6.6, 1.2 Hz, 2H), 1.55 (s, 15H). ESI-MS: calcd. for 
C25H28IrN3
2+ ([Cp*Ir(bpy)(py)]2+): 281.60, observed m/z: 281.54. 
Reaction of 1 with pyridinium p-toluenesulfonate: thermal stability. A 20 mL 
scintillation vial was charged with 4.3 mg (0.0068 mmol) 1. A second 20 mL scintillation vial 
was charged with 0.216 mL CD3CN (containing mesitylene internal standard) and 0.284 mL of a 
0.036 M stock solution of pyridinium p-toluenesulfonate (0.0102 mmol). The pyridinium 
solution was added to the vial containing 1, and the mixture was transferred to a J. Young NMR 
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tube, protected from light. Upon heating at 80 ºC for 3 h under foil protection, ~10% of the 
[Cp*Ir(bpy)(py)]2+ product had formed.   
Reaction of 1 with triethylammonium tetrafluoroborate. A 20 mL scintillation vial was 
charged with 0.352 mL of a 0.049 M stock solution of triethylammonium tetrafluoroborate 
(0.0173 mmol) and 0.103 mL CD3CN (containing mesitylene internal standard). To this mixture 
was added 0.045 mL of a 0.035 M stock solution of 1 (0.0016 mmol). The reaction mixture was 
transferred to an NMR tube and protected from light. An initial (dark) spectrum was obtained 
before illumination with 460 nm LED light for 10 min, after which time nearly quantitative 
formation of [Cp*Ir(bpy)(NCCD3)]
2+ (2) was observed. In similar experiments that were fully 
protected from light, no reaction was observed over 1 hour in the dark.  
Reaction of 1 with acetic acid. A 20 mL scintillation vial was charged with 0.5 mL of 
CD3CN (containing mesitylene internal standard) and 0.029 mL of a 0.107 M stock solution of 1 
(0.0032 mmol). To this mixture was added 3.0 µL (0.0525 mmol) acetic acid and the contents 
were transferred to an NMR tube, protected from light. After an initial NMR spectrum was 
obtained, the sample was illuminated with 460 nm LED light for 10 min, after which time nearly 
quantitative conversion of 1 to the acetate complex [Cp*Ir(bpy)(OAc)]+ (3) was observed. In 
similar experiments protected from light, no reaction was observed after 1 h. 
Reaction of 1 with acids weaker than acetic acid. Attempts to observe H2 release from 
very weak acids, in analogous fashion to reactions shown above, resulted in complex mixtures of 
products. The conjugate acid of tert-butyliminotripyrrolidino)phosphorane (HP1
+; pKa = 
28.42),35 synthesized by addition of HBF4•OEt2 to P1 in ether under N2 to form a precipitate that 
was isolated by filtration, was irradiated with 1. After 1 hour, a mixture of products was 
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observed, including iminoacyl complex 4 along with other unidentified species. Irradiation of n-
butanol (pKa > 30) and 1 for 1 h led to a similar mixture of products. 
NMR Scale Reactions: MNA+ Salts 
General Procedure. 
Reactions with MNA+ salts were carried out on an NMR scale. Reaction mixtures in 
NMR tubes were prepared in a nitrogen-filled glovebox as described in specific cases below, and 
the tubes were sealed and wrapped with parafilm. Initial NMR spectra were obtained. The salt 
[MNA][I] is not highly soluble in CD3CN, so the exact ratio of 1:MNA
+ was determined by 
integration relative to the internal standard at the start of the reaction. The light sample was then 
illuminated using the 460 nm LED lamp for the desired time. The dark sample was protected 
from light. The given reaction times for light samples are the time under active irradiation (time 
protected from light, when minor background reactions do occur in some cases, are not counted); 
for dark samples, it is the total reaction time. The reactions were monitored by NMR 
spectroscopy. Yields for products were determined from NMR integrations relative to the 
mesitylene internal standard and are based upon the limiting reagent. Because MNA-H3 is 
formed from two hydride transfers, the maximum theoretical yield of MNA-H3 is 50% in 
reactions where 1 is the limiting reagent. The products MNA-H, MNA-H', and MNA-H3 were 
assigned by comparison to independently synthesized samples (see General Considerations 
section for details) that displayed diagnostic methyl resonances at  2.89, 2.79, and 2.85, 
respectively. The other commonly observed nicotinamide-containing product was the complex of 
the conjugate base of MNA+, [Cp*Ir(bpy)(MNA)]2+. The methyl resonance for 
[Cp*Ir(bpy)(MNA)]2+ appears at δ 4.18, while the corresponding Cp* peaks appears at δ 1.69. 
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Further support for the structure was obtained by ESI-MS: calcd. for C27H31IrN4O
2+ 
([Cp*Ir(bpy)(MNA)]2+): 310.11, observed m/z: 310.16. 
Reactions with MNA+ Salts.  
Reaction of 1 with [MNA][BF4] (1:1.7). A 20 mL scintillation vial was charged with 0.5 
mL of a 0.011 M stock solution of 1 (0.0055 mmol) in CD3CN and 1.0 mL of CD3CN 
(containing mesitylene internal standard). Solid [MNA][BF4] (2.1 mg, 0.0094 mmol) was added 
to the vial, and ~0.5 mL was added to each of two NMR tubes, protected from light. One tube 
was continuously protected from light, and one tube was illuminated with the 460 nm LED lamp 
for the desired amount of time. The reaction was monitored by NMR spectroscopy. No reaction 
was observed in the dark over 1 h. After 1 h of illumination, the major product was MNA-H3 
(~10% yield). 
Reaction of 1 with [MNA][I] (1:1.5). A stock solution of [MNA][I] was prepared in a 20 
mL scintillation vial by dissolving 10.7 mg (0.0405 mmol) [MNA][I] in 1.0 mL CD3CN. 
Another 20 mL scintillation vial was charged with 0.779 mL of the 0.0405 M stock solution of 
[MNA][I] (nominally 0.0316 mmol) in CD3CN and 0.221 mL of CD3CN (containing mesitylene 
internal standard). To this vial was added 0.178 mL of a 0.035 M stock solution of 1 (nominally 
0.0063 mmol) in CD3CN. The mixture was divided equally into two NMR tubes, protected from 
light. Initial NMR spectra provided the actual concentration of MNA+ (9.0 mM) and 1 (6.0 mM). 
The reaction was monitored by 1H NMR spectroscopy. In the dark, significant amounts of MNA-
H and MNA-H' were observed only after 6 h. No MNA-H3 was observed in the dark. After 3 min 
of illumination, 37% yield of MNA-H was observed. See Appendix A for additional details. 
Reaction of 1 with [MNA][I] (1:4.4). A stock solution of [MNA][I] was prepared in a 20 
mL scintillation vial by dissolving 6.0 mg (0.0227 mmol) [MNA][I] in 1.0 mL CD3CN. Another 
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20 mL scintillation vial was charged with 0.126 mL CD3CN (containing mesitylene internal 
standard) and 0.763 mL of the 0.0227 M stock solution of [MNA][I] (nominally 0.0173 mmol) in 
CD3CN. To this vial was added 0.111 mL of a 0.014 M stock solution of 1 (nominally 0.0016 
mmol) in CD3CN. The mixture was divided equally into two NMR tubes, protected from light. 
Initial NMR spectra provided the actual concentration of MNA+ (5.6 mM) and 1 (1.3 mM). The 
reaction was monitored by 1H NMR spectroscopy. In the dark, no reduced products were 
observed after 1 h. Under illumination, moderate yields of reduced products were achieved after 
10 min. See Appendix A for additional details. 
Reaction of 1 with [MNA][I] (4.0:1). A 20 mL scintillation vial was charged with 5.1 mg 
(0.0080 mmol) 1. A stock solution of [MNA][I] was prepared in another 20 mL scintillation vial 
by dissolving 1.8 mg (0.0068 mmol) [MNA][I] in 0.3 mL CD3CN. Another 20 mL scintillation 
vial was charged with 0.787 mL CD3CN (containing mesitylene internal standard) and 0.212 mL 
of the 0.0227 M stock solution of [MNA][I] (nominally 0.0048 mmol) in CD3CN. The mixture 
was added to the vial containing 1, and the mixture was divided equally into two NMR tubes, 
protected from light. Initial NMR spectra provided the actual concentration of MNA+ (1.7 mM) 
and 1 (6.8 mM). The reaction was monitored by 1H NMR spectroscopy. In the dark, a minor 
background reaction was observed, with singly reduced products MNA-H (21% yield) and 
MNA-H' (13% yield) formed after 1 h (no doubly-reduced product was observed). Under 
illumination, after initial formation of MNA-H and MNA-H', the only observed product was 
doubly-reduced MNA-H3 (21% yield) after 1 h. See Appendix A for additional details. 
Determining H2 Yield 
 H2 quantification was performed using a Varian 450-GC with a pulsed discharge helium 
ionizer detector. A calibration curve was made from samples of 0.5, 1.0, 3.0, and 5.0 v/v% H2 in 
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air.26 Samples of 1 and HOAc were prepared in NMR tubes, each equipped with a pierceable 
septum. Once the septum was covered in grease and parafilm to avoid H2 leakage from the NMR 
tube, the samples were irradiated for 20 min and allowed to sit for 20 min (allowing dissolved H2 
to enter the headspace in the NMR tube) prior to analysis. A 1.0 mL Vici Pressure-Lok Precision 
Analytical syringe was used to sample the headspace and the NMR septum cap was pierced only 
once to prevent H2 leakage. From the H2 calibration curve, H2 yield was determined to be 74%. 
Quantum Yield Using Chemical Actinometry 
 The excited state hydride transfer efficiency can be determined, at least in part, by the 
quantum yield of the reaction. In determining the photon flux of the 460 nm LED lamp, it is 
essential to directly mimic NMR reaction conditions described above by maintaining the same 
light source and distance from the light. Chemical actinometry provides a convenient means to 
exactly replicate prior experimental conditions, as the actinometer can be placed inside an NMR 
tube and be treated as a traditional sample. Potassium ferrioxalate, [K3][Fe(C2O4)3], was selected 
as the chemical actinometer, based on the wavelength of irradiated light and well-characterized 
properties (molar absorptivity and known quantum yield at a variety of wavelengths and 
concentrations). 
 Potassium ferrioxalate was synthesized by stirring potassium oxalate and iron (III) 
chloride in H2O heated at 70 ºC for 30 min under light protection. The product was recrystallized 
three times in an ice bath, followed by filtration and solvent removal in vacuo. IR spectroscopy 
was used to confirm product identity, with the spectrum matching well with the literature.75 
Chemical actinometry using potassium ferrioxalate was performed according to literature.45-47, 76 
In a typical experiment, 0.5 mL of 0.2 M potassium ferrioxalate were added to an NMR tube and 
irradiated for 2 min. After 2 min, the irradiated sample was transferred to a cuvette containing DI 
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H2O and the absorbance spectrum was obtained. Afterwards, a developer solution of sodium 
acetate, 1,10-phenanthroline, and H2SO4 was added to the irradiated sample. The solution was 
transferred to a cuvette and the absorbance spectrum of the Fe(phen)3
2+ complex was found to 
match the literature, with strong absorbance at 510 nm (ε = 11,100 M−1·cm−1). From the 
absorbance value at 510 nm, the concentration of Fe(phen)3
2+ was determined and using the 
known quantum yield of the actinometer at an irradiation wavelength of 460 nm, photon flux can 
be calculated. From a series of seven samples, the average photon flux was determined to be 
2.179 x 10-8 mol photons·s−1.   
 To confirm the photon flux value obtained from chemical actinometry, photon flux was 
also measured using a Coherent LM-2VIS photodiode with a Coherent FieldMaxII Laser 
Power/Energy Meter. The photodiode was positioned at the same distance from the 460 nm LED 
lamp as the NMR tubes, and a piece of glass was used to approximate the conditions of the NMR 
tube. Irradiance (mW/cm2) was measured six times, averaged, and converted to photon flux (mol 
photons/s). At 2.159 x 10-8 mol photons·s−1, the photon flux value measured from the photodiode 
was in great agreement with the photon flux obtained from chemical actinometry. 
 Once the photon flux determined from chemical actinometry had been verified using the 
photodiode, quantum yield was calculated for different NMR tube reactions by determining the 
mol of product from NMR spectroscopy and dividing by the photon flux (multiplied by the 
irradiation time, in seconds). 
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Table 2.2. Quantum yield for visible light-promoted hydride transfer reactions from 
[Cp*Ir(bpy)(H)]+ to MNA+.a 
Crystallographic Details 
Single crystals of 4-PF6 [sb106_c] were grown from slow vapor diffusion of ether into a 
CH3CN solution of the complex at room temperature. A suitable crystal was selected and 
mounted using polymer tips and paratone oil. Single-crystal X-ray diffraction of 4-PF6 was 
collected on a Bruker APEX-II CCD diffractometer. The crystal was kept at 100.15 K during 
data collection. The frames were integrated with the Bruker SAINT software in APEX II. A 
numerical absorption correction was used, and the structure was solved by direct methods using 
the SHELXTL software suite. Final structural refinement was performed with the SHELXL 
refinement program in Olex277 using Least Squares minimization. Initially, the bridged N1 and 
C1 atoms appeared to be disordered. This was determined to be the result of a 63:37 inversion 
twin which was included in the refinement using a TWIN parameter, with a BASF of 0.37(2). 
All non-NH hydrogens were calculated and refined with a riding model. The imine NH hydrogen 
 
[1]:[MNA+] 
Time 
(min) 
Φ 
MNA-H 
Φ 
MNA-H' 
Φ 
MNA-H3 
Φ  
Total Reduced 
MNA 
1:1.5 10 0.169 0.031 0.046 0.246 
1:4.4 10 0.049 0.007 0.003 0.059 
4.0:1 10 0.023 0.003 0.016 0.043 
aΦ determined from moles of product (from 1H NMR relative to mesitylene internal 
standard) and photon flux after 10 min of irradiation (obtained from chemical 
actinometry). 
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was positioned geometrically and refined with a riding model. See Appendix A for additional 
details. 
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Chapter 3: PHOTOCHEMICAL FORMIC ACID DEHYDROGENATION BY IRIDIUM 
COMPLEXES: UNDERSTANDING MECHANISM AND OVERCOMING 
DEACTIVATION 
 
Reproduced in part with permission from Barrett, S. M.; Slattery, S. A.; Miller, A. J. M.; ACS 
Catal. 2015, 5, 6320. Copyright American Chemical Society 2016. 
 
3.1 Introduction 
Carbon dioxide is a promising hydrogen storage medium, capable of storing 4.3 wt% H2 
in formic acid (HCO2H) and up to 12 wt% H2 in subsequent hydrogenation products CH3OH and 
H2O.
1-5 The CO2/HCO2H couple (Equation 3.1) is particularly promising because the process is 
readily reversible, as evidenced by a substantial body of work on both the CO2 hydrogenation
6-9 
and the formic acid dehydrogenation steps.2, 5, 10-12  
           H2 + CO2  HCO2H   (Equation 3.1) 
     A few catalysts can perform both CO2 hydrogenation and HCO2H dehydrogenation.
13-
17 Reversible storage and release is most commonly accomplished by applying high H2/CO2 
pressures to promote hydrogenation, then releasing the pressure to trigger dehydrogenation.13-16 
Solution pH can also be used to control the reaction, with hydrogenation occurring at basic pH 
(where production of formate is thermodynamically favorable) and dehydrogenation occurring at 
acidic pH (where the thermochemistry shifts to favor H2/CO2 release).
17  
An alternative strategy for reversible hydrogen storage would utilize visible light to 
regulate the chemistry of Equation 3.1. Storage would be accomplished by thermal 
hydrogenation of CO2 in the dark, followed by light-triggered hydrogen release. In pursuit of this 
eventual goal, and motivated by our interest in photochemical H2 evolution,
18, 19 we considered 
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the very rare examples of photocatalytic formic acid dehydrogenation. Building on two prior 
studies,20, 21 Beller and co-workers recently reported iron carbonyl catalysts that produced up to 
126 turnovers of H2:CO2 (1:1 mixture) from formic acid in DMF solvent at 60 ºC under 
photolysis.22, 23 In one of the only other examples of this reaction, Ziessel and co-workers 
demonstrated that Cp*Ir-based complexes produce H2:CO2 (1:1 mixture) from aqueous formate 
at pH 5, with a turnover number (TON) up to 53 after 2 h of irradiation under vacuum.24 Under 
these acidic conditions (and in organic solvents), H2 and CO2 gas are co-evolved in a 1:1 ratio. 
Little is known about the mechanism of photochemical formic acid dehydrogenation. For 
example, metal carbonyl-catalyzed reactions may be initiated by photochemical CO dissociation, 
or photochemical H2 release may occur, or light could play multiple roles simultaneously.
25 
Mechanistic information on the Cp*Ir-based photocatalysis is limited to an Arrhenius analysis,24 
which gave higher activation energies than the Cp*Ir-catalyzed photochemical water-gas shift 
reaction.26 Photochemical formic acid dehydrogenation catalysts are currently slower and less 
stable than corresponding thermal catalysts.3, 27, 28 A deeper mechanistic understanding of 
photochemical formic acid dehydrogenation would provide guidance for improving these 
systems, which offer a promising, mild photochemical alternative to thermal reactions controlled 
by pressure or pH.  
The mechanistic studies reported here reveal several new aspects of Cp*Ir-photocatalyzed 
formic acid dehydrogenation that helped guide significant improvements in stability, activity, 
and selectivity. Kinetic studies and in situ reaction monitoring indicate turnover-limiting 
photochemical H2 release under most conditions, directing subsequent improvements by tuning 
the light source wavelength and intensity. Several deactivation pathways are also identified, 
guiding changes to the catalyst structure and reaction conditions that yielded more active and 
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longer-lived catalysts. The catalysts operate efficiently in basic conditions, where the evolved 
gas is comprised of >95% H2 due to efficient sequestration of CO2 by hydroxide. Our 
mechanistic findings lead to substantial improvements in performance, indicating that 
photochemical H2 release is a promising strategy complementary to thermal reactions.  
3.2 Results and Discussion 
Scheme 3.1. Typical conditions for photochemical formic acid dehydrogenation by 1 and 1-
OMe. 
 
Initial catalytic studies.  
The air-stable and water-soluble precatalysts 1 and 1-OMe were prepared according to 
previously reported procedures.29, 30 Initial catalytic runs were carried out in 20 mL scintillation 
vials containing 0.36 mM precatalyst in 10 mL of 1 M aqueous sodium formate, illuminated by a 
460 nm LED lamp at room temperature (Scheme 3.1). The evolved gas was collected in an 
inverted burette eudiometer and analyzed by headspace GC in many cases (see Experimental 
Section for full experimental details).  
When protected from light, solutions of 1 do not evolve appreciable amounts of gas at 
room temperature. Under 460 nm illumination, however, a pH 5 formate solution containing 1 
produced 1.2 mL of gas in 2 h, corresponding to a TOF of ~4 h−1 (slightly higher than Ziessel’s 
prior report, TOF = 0.5 h−1).24 Although prior reports only examined pH 5 conditions, we found 
that the catalyst is also active in basic solutions: upon photolysis of a pH 10 formate solution of 
Ir
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R
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1, gas evolution commenced immediately and continued steadily. The methoxy-substituted 
catalyst 1-OMe, which had not been studied previously as a photocatalyst for formic acid 
dehydrogenation, shows significantly improved photocatalytic activity relative to 1 (Figure 1.1). 
As shown in Figure 1.1, intermittent illumination (1 h cycles) confirmed the critical role of 
visible light in promoting the reaction. In the absence of catalyst, only traces of gas evolved over 
6 h, with no response to light.  
 
Figure 3.1. Gas evolution from formate solutions of 1 (filled circles), 1-OMe (empty squares), 
and no catalyst (empty circles) during intermittent illumination (white background: lamp on, 
gray background: lamp off). Conditions: 0.32 mM Ir, pH 10 1 M NaCO2H(aq), 18 mM 
phosphate, 296 K. 
Both catalysts exhibit gradually diminishing activity during prolonged illumination. While 
the initial yellow color of the solutions was maintained for the first 24 h, prolonged photolysis 
(beyond 48 h) in the eudiometer setup led to formation of a dark, catalytically inactive 
precipitate. The chloride complexes 1 and 1-OMe are both air stable; however, a ~30% drop in 
activity was observed when the reactions were carried out under air. In order to avoid this 
decomposition and better understand the system, a series of mechanistic studies were carried out.  
pH Dependence. 
The pH dependence of the photochemical reaction was examined first. The volume of 
evolved gas dropped noticeably at higher pH, as shown in Figures 0.8 and 0.9 in Appendix B. 
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Rather than indicating a loss of activity, GC headspace analysis revealed that the decline in 
evolved gas correlated with a decrease in the amount of CO2 released during the reaction. In fact, 
H2 comprised 96(3)% of the evolved gas above pH 7, as shown in Figure 3.2a (the fuel cell 
poison CO was not detected). After prolonged illumination, reaction mixtures with initial pH 
between 6 and 10 were observed to approach a final pH of 8, while more acidic solutions showed 
no significant pH change during the reaction. This behavior is consistent with CO2 sequestration 
and engagement of carbonate equilibria above pH 6, as in Equation 3.2 (an authentic sample of 
~30 mM HCO3
– in 1 M formate gave a pH 8 solution). 
    HCO2
− + H2O  H2 + HCO3−    (Equation 3.2) 
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Figure 3.2. a) H2 content of evolved gas as a function of pH for 1 (filled circles) and 1-OMe 
(empty squares). b) Initial TOF (H2 over 2 h) as a function of initial pH for 1 (filled circles) and 
1-OMe (empty squares). Conditions: 0.36 mM catalyst, 1 M NaCO2H(aq), 296 K. 
When the volume of evolved gas is corrected based on the H2:CO2 ratio of the evolved 
gas, it becomes clear that the rate of H2 evolution is faster under more basic conditions (Figure 
3.2b). Little H2 release activity is observed below pH 3, but the rate increases sharply between 
pH 3 and 5 for both 1 and 1-OMe. Both catalysts exhibit a roughly constant TOF between pH 5 
and 10, with 1-OMe operating roughly 3 times faster than 1 over this wide pH range. Catalyst 1 
maintains good photocatalytic activity up to pH 10 and 1-OMe performs well even at pH 11.  
The broad region of pH independence is quite uncommon for aqueous formic acid 
dehydrogenation catalysts. Thermal aqueous formic acid dehydrogenation catalysts typically 
exhibit a sharp maximum between pH 3 and 4, close to the pKa of formic acid (3.75).
17, 31-33 The 
ability of the photocatalysts 1 and 1-OMe to maintain activity under alkaline conditions enables 
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the exciting observation of pure H2 release. Only a few catalysts are capable of releasing a pure 
stream of H2 from formic acid,
1, 3, 13, 14, 34 and this is the first example of photochemically-driven 
production of pure H2.   
The unusual ability to release H2 from alkaline solutions is ascribed to the intermediate 
[Cp*Ir(bpy)(H)]+, which we have previously shown to be a photohydride: a species that becomes 
a stronger hydride donor upon illumination.18, 19 Given that most catalysts produce 1:1 H2:CO2 
mixtures in the “hydrogen release” step, photochemical methods offer a complementary 
selectivity for high purity hydrogen gas. Basic conditions also may facilitate integration with 
hydrogen storage reactions, because the best CO2 and HCO3
− hydrogenation catalysts thrive with 
added base,17, 35 similar to the conditions where our catalysts are most active. 
Pressure Dependence. 
The dehydrogenation was carried out in a closed system to determine if H2 inhibited the 
reaction. A thick-walled Pyrex glass pressure vessel was charged with a standard catalyst 
solution of 1-OMe (20 mL in a ~40 mL vessel), equipped with either a 4.1 or 10.9 atm pressure 
gauge, and sealed under N2. Hydrogen evolved with a TOF of 10 h
−1 under 460 nm illumination 
at pH 9. When a higher-powered 443 nm LED lamp was applied instead, a higher initial TOF (20 
h−1) was obtained and the pressure in the vessel approached 4 atm. The initial rates in the 
pressure vessel were similar to initial rates observed by eudiometry (which maintains 1 atm H2 
during the reaction), and pressures over 4 atm were required before H2 pressure appeared to 
inhibit the reaction. This pressure range is similar to a recently reported charge/discharge process 
for hydrogen storage.13  
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Figure 3.3. a) Gas volume measured from the eudiometer after 2 h irradiation with varying 
concentrations of precatalyst 1-OMe in pH 9 1 M formate. b) Gas evolved after 2 h of 460 nm 
irradiation of 0.36 mM 1 (filled circles) and 0.36 mM 1-OMe (empty squares) with varying 
concentrations of formate at pH 9. 
Kinetic Analysis and in situ Monitoring. 
Initial rates methods (linear fits of first 2 h of reaction) were used to determine the 
molecularity of the reaction. The rate of gas evolution exhibits a first-order dependence on the 
concentration of both catalysts 1 (Appendix B, Figure B.10) and 1-OMe (Figure 3.3a). The 
reaction catalyzed by 1 exhibits saturation kinetics as a function of formate concentration, with 
the initial rate increasing at higher formate concentration before becoming formate-independent 
above 4 M (Figure 3.3b).  
In contrast, an unexpected deactivation process was encountered in 1-OMe-catalyzed 
reactions carried out at high formate concentrations (pH 9). As shown in Figure 3.3b, the rate 
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increases initially with increasing formate concentration, but slows down and eventually loses 
activity at formate concentrations around 6 M. The appearance of a yellow precipitate above 3 M 
formate correlates with the decrease in activity of 1-OMe; further investigations of this 
deactivation process are described below.  
 
Figure 3.4. Absorbance profile after injection of 0.36 mM 1-OMe into pH 9 1 M NaCO2H(aq) 
at 296 K. The growth of 2-OMe was observed in 20 s intervals for 1 min in the dark, followed by 
illumination. The inset follows the hydride absorbance at 390 nm; after 1 min in the dark, 
illumination with 460 nm light continued for 60 min. 
The pale yellow charge transfer band of the chloride complex 1-OMe (max = 330 nm) 
provided a convenient handle for in situ UV-Vis spectroscopy studies. Initial studies were carried 
out protected from light to prevent turnover. The reaction was monitored over time immediately 
following injection of a stock solution of catalyst 1-OMe to a cuvette containing a stirred 
solution of 1 M formate (pH 9). The characteristic charge transfer band of the hydride complex 
[Cp*Ir(bpy-OMe)(H)]+ (2-OMe, max = 390 nm)18 grew in over ~2 min (Figure 3.4). The hydride 
complex is a proposed intermediate in thermal formic acid dehydrogenation by Cp*Ir-based 
catalysts.31, 36, 37 31,36,37 Formation of hydride 2-OMe occurs much faster than the observed rate of 
catalysis, suggesting that these dark processes are not rate-limiting.  
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Photocatalytic dehydrogenation was then spectroscopically monitored under continuous 
illumination to elucidate the resting state during catalysis. The cuvette was attached to a 
eudiometer to confirm that H2 was indeed released during monitoring. The charge transfer band 
at 390 nm remained prominent during active catalysis (Figure 3.4), identifying hydride 2-OMe 
as the resting state and indicating turnover-limiting photochemical H2 release. 
Table 3.1. Kinetic isotope effects of photochemical dehydrogenation.a 
Formic acid isotopologue Solvent Kinetic isotope effect 
HCO2H H2O – 
DCO2D D2O 2.6(3) 
HCO2H D2O 2.4 
DCO2D H2O 1.8 
aConditions: 0.36 mM 1-OMe, 1 M formate, pH 8, 460 nm illumination for 2 h at 296 K. The 
formic acid OH proton is assumed to exchange with water protons. 
 
A significant kinetic isotope effect (KIE) is anticipated if H2 evolution is indeed the 
turnover-limiting process. The initial rate of gas evolution from HCO2H/H2O and DCO2D/D2O 
was determined in two separate experiments, providing a normal, primary KIE of 2.6(3), as 
shown in Table 3.1. This KIE is similar to the value of 2.6(1) reported for thermal formic acid 
dehydrogenation by [Cp*Ir(4,4-dihydroxy-bipyridine)(OH2)]
2+, which was also proposed to 
involve rate-determining H2 evolution.
37-39 
Table 3.1 shows KIE values obtained when other mixtures of isotopologues were 
examined. The observation that HCO2H/D2O mixtures produced a normal, primary KIE of 
similar magnitude to the DCO2D/D2O is inconsistent with rate-limiting hydride formation: 
conversion of Ir–O2CH to Ir–H should only be sensitive to isotopic substitution on formate and a 
primary KIE would only be expected when comparing rates of formate with formate-d. On the 
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other hand, the KIE experiments are all consistent with a turnover-limiting process involving 
H−H bond formation. 
Lamp Intensity and Wavelength Dependence and Quantum Yields. 
A rate-limiting photochemical process could be limited by the kinetics of the 
photochemical reaction or by the light absorbing characteristics. To further probe this important 
step, the influence of light intensity was examined. A 443 nm LED lamp with programmable 
output intensity was used to perform formic acid dehydrogenation between 2 and 62 mW·cm−2 
power density. The initial TOF increased from 3 h−1 at low intensity to 36 h−1 at high intensity 
(Appendix B, Figure B.19), again consistent with photochemical H2 evolution limiting the rate of 
catalysis. A slight deviation from linearity was observed at high intensity, which might indicate 
that sufficient photon flux was present that other steps were starting to contribute to the rate.  
To probe the role of overlap between the light source and the absorbing molecules, 
photocatalysis was performed under 406, 443, and 503 nm illumination at a constant, relatively 
low power density (~13 mW·cm−2) in a closed system (Appendix B, Figure B.18). Illumination 
with either the 406 nm or 443 nm lamp gave similar activity (10 h−1 for 1-OMe). Under 503 nm 
light, the rate dropped to 5 h−1 for 1-OMe. The chloride complex 1-OMe does not absorb as 
much low energy light, nor with as much intensity as 2-OMe, so the ability to operate with >400 
nm light suggests that 2-OMe is the active light absorber.18 The performance trends correlate 
well with the predicted number of photons absorbed by hydride 2-OMe; calculations suggest that 
2-OMe would absorb a similar number of 403 and 443 nm photons, but about 4 times fewer 503 
nm photons (see derivation in the Experimental Section).  
The conventional TON and TOF metrics of catalysis provide a convenient point of 
comparison with thermal catalysts, but photochemical reactions can also be assessed based on 
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the photon-to-chemical efficiency. The quantum yield, defined as the moles of product per 
photon absorbed by the catalyst, was determined under several conditions. Under typical 
conditions of 443 nm illumination at 13 mW·cm−2 intensity,  = 0.05 is obtained for formic acid 
dehydrogenation by 1-OMe. As the 443 nm lamp intensity was increased, the quantum yield 
decreases slightly, with  = 0.03 at 62 mW·cm−2. As the irradiation wavelength was changed, 
only slight variations in quantum yield are observed, with 406 nm = 0.05 and 503 nm = 0.10 
(Appendix B, Table 0.2). With relatively high photon efficiency maintained over the course of 2 
h,24, 26 and under a variety of illumination conditions, catalyst 1-OMe has encouraging 
photochemical behavior. 
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Scheme 3.2. Proposed mechanism of photochemical formic acid dehydrogenation. 
 
Mechanistic Proposal. 
A plausible catalytic mechanism that is consistent with the preceding mechanistic studies 
is depicted in Scheme 3.2. Entry to the catalytic cycle is afforded by the chloride precatalysts 1 
and 1-OMe. Previous studies have shown that [Cp*Ir(bpy)(Cl)][Cl] undergoes facile ligand 
exchange in water,18 and is readily converted to the hydride [Cp*Ir(bpy)(H)]+ in aqueous 
formate.40 Ligand substitution processes are not turnover-limiting, as evidenced by the similar 
rates of dehydrogenation by chloride 1 and aquo [Cp*Ir(bpy)(H2O)]
2+ (TOF ~4 h-1 for each 
catalyst). Under basic conditions hydroxide substitution would be expected, based upon the 
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reported pKa value for aquo [Cp*Ir(bpy)(H2O)]
2+.29, 41, 42 Indeed, stirring either chloride 1 or aquo 
[Cp*Ir(bpy)(H2O)]
2+ in a pH 10 solution leads to the formation of the same product by NMR 
spectroscopy, assigned as the hydroxide complex [Cp*Ir(bpy)(OH)]+. Our in situ observations of 
rapid conversion of chloride 1-OMe to hydride 2-OMe in formate solutions in the dark suggest 
that formate binding and decarboxylation occur rapidly and without photochemical assistance. 
Photochemical H2 release (shown in blue in Scheme 3.2) has been identified as the 
turnover-limiting process at high concentrations of formate. The first-order dependence on Ir and 
saturation behavior with respect to formate concentration suggest that at lower formate 
concentrations a pre-equilibrium step involving formate (such as reversible formation of the 
formate complex) is also involved in the rate law. Observation of the hydride 2-OMe as the 
resting state during photocatalysis strengthens this conclusion. Finding the reaction to be photon-
limited holds promise for future catalyst development: improved reaction rates are possible by 
supplying a higher photon flux (see above), which can be accomplished by changing the 
photochemical reactor design or by employing more powerful lamps.43-45  
The precise mechanism of photochemical H2 release warrants further discussion.
46, 47 The 
primary event is likely excitation to the previously observed triplet excited state of 2.26, 48, 49 
Once formed, the triplet excited state has a potent thermodynamic driving force for hydride 
transfer: the excited state is at least 20 kcal·mol−1 more hydridic than the ground state in 
acetonitrile.19 While the kinetic details of excited state H2 release from 2 remain the subject of 
ongoing studies in our laboratory, the photohydride reactivity of 2 clearly enables some of the 
unique features of Cp*Ir-based photochemical formic acid dehydrogenation. Light absorption 
renders the M−H fragment more hydridic — and therefore more reactive towards weak acids 
(H2O in this case) — facilitating H2 release under strongly basic conditions. 
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Photoelectrochemical H2 evolution proceeds efficiently until pH 10,
18 in contrast to the acidic 
conditions (pH ~ 4) required by most aqueous formic acid dehydrogenation catalysts. 
Photochemically enabling H2 release above pH 7 in turn facilitates the release of pure H2 gas 
with concomitant trapping of CO2 by hydroxide. The rarity of pure H2 release likely stems from 
the fact that basic conditions are at odds with the fundamental organometallic chemistry 
underlying H2 release: the metal hydride intermediates typically require acidic conditions to 
rapidly release H2.  
Typical thermal H2 release pathways slow rapidly as the solution pH increases, as 
indicated by the narrow, acidic pH range at which most aqueous catalysts operate.17, 31, 32 In 
contrast, catalysts 1 and 1-OMe operate with similar TOF over a wide pH range. Although pH 
does not greatly impact the reaction rate, it does impose several restrictions based on the pKa 
values of various species. The pKa of formic acid (3.75) dictates the availability of formate anion 
and therefore the efficiency of the substitution process; under more acidic conditions formic acid 
is present and undergoes substitution more slowly, as observed in related systems that exhibit 
maximal performance near pH 4.31, 32 The pKa of the metal hydride limits the operational pH 
range in the basic regime. A pKa of ~10 is estimated for hydride 2, based on changes in 
electrochemical behavior,18 at which point deprotonation forms an off-cycle Ir(II)-bpy•− complex 
(3, Scheme 3.2).49 When hydride 1 was stirred at pH 13, a purple precipitate formed; extraction 
into benzene confirmed that the precipitate was the deprotonation product 3.49 
Deactivation Pathways. 
Understanding deactivation and/or decomposition processes of homogeneous catalysts can 
help identify molecular weaknesses and guide catalyst redesign.50, 51 We sought to better 
understand the nature and origin of this decomposition. As described above, after 72 h 
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illumination of 1 in pH 8 or pH 10 formate solutions while collecting gases by eudiometry, 
formation of a dark blue solution was observed. A UV-Vis spectrum after the reaction revealed 
the growth of a broad new feature with λmax = 750 nm that is consistent with nanoparticle 
formation.40, 52 Nanoparticles could result from photochemical or thermal bpy dissociation, 
forming the photocatalytically inactive tris-hydroxide dimer 4 (Scheme 3.2),41 which could go on 
to form insoluble aggregates or nanoparticles.  
To prevent ligand loss, the reaction was run in the presence of free 2,2'-bipyridine. In 
parallel eudiometry experiments monitoring the ability of 1 to dehydrogenate 1 M formate 
solutions at pH 9, the catalyst produced more H2 in the presence of 3 equiv free ligand 
(Appendix B, Figure B.21). Interestingly, analogous experiments in the sealed medium-pressure 
vessel showed little evidence of aggregation, suggesting that slow leaking of air into the 
eudiometer setup may also be partially responsible for nanoparticle formation. The more strongly 
donating methoxy-substituted bipyridine ligand in 1-OMe may help avoid ligand loss during 
catalysis, as 1-OMe maintains its initial rate for longer.  
 A deactivation process specific to 1-OMe is encountered at high formate concentrations, 
as discussed above in the context of formate dependence from Figure 1.3b. To probe this process 
further, 1-OMe was stirred in 8 M formate solutions protected from light. A yellow precipitate 
formed in the dark, ruling out photochemical degradation. When the solids were assessed by 
ATR-IR spectroscopy, a prominent Ir–H stretch was observed at 2046 cm−1, closely matching 
the previously reported stretch for the hexafluorophosphate salt.42 The solids dissolved readily in 
CD3CN, and NMR and ESI−MS analyses confirm the presence of hydride 2-OMe as well as 
some [Cp*Ir(bpy-OMe)(O2CH)]
+. Taken together, the data suggest that the formate salt of 2-
OMe, [Cp*Ir(bpy-OMe)(H)][O2CH], is less soluble than the chloride salt, leading to 
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precipitation. The methoxy substituents apparently provide enough lipophilicity that the formate 
salt of 2-OMe is substantially less water-soluble than the formate salt of 2. It is noteworthy that 
activity can be restored simply by diluting the solution below 6 M formate. 
Improved Catalytic Conditions. 
Guided by our mechanistic findings, catalytic activity was re-assessed in a pressure vessel 
under conditions designed to minimize decomposition while maintaining optimal activity. When 
a 3 M aqueous formate solution at pH 8 was treated with 0.39 mM catalyst 1 at 296 K and 
illuminated with a 443 nm lamp, the initial TOF exceeds 12 h−1 and TON > 360 is achieved. 
Under analogous conditions with 0.37 mM 1-OMe, the initial TOF exceeds 50 h-1 and TON > 
500 is achieved over 30 h illumination. After 30 h, nearly 5 atm had built up in the sealed vessel. 
In addition to outperforming other photocatalysts that we are aware of, photocatalyst 1-OMe also 
produces H2 in 96% purity according GC analysis. 
3.3 Conclusions 
Mechanistic studies of a Cp*Ir-based photochemical formic acid dehydrogenation 
catalysts have led to a detailed understanding of the active catalyst cycle as well as 
decomposition and deactivation pathways. Direct spectroscopic evidence for every proposed 
intermediate was accumulated. Kinetic evidence identified the turnover-limiting process as 
photochemical H2 release, via the photohydride [Cp*Ir(bpy)(H)]
+, which is capable of producing 
H2 beyond pH 10 and consequently enables the release of pure H2 from formic acid in basic 
water. CO2 is trapped in the alkaline solution, and no CO is produced, leading to headspace gas 
compositions of 96(3)% H2. The H2 levels are remarkably impervious to the makeup of the 
catalytic system, as H2 levels above 90% were obtained regardless of catalyst loading and 
formate concentration (Appendix B, Figure B.7). Guided by these mechanistic findings, 
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improved visible light photocatalysis was realized at room temperature, even at elevated 
pressures of H2. These findings offer a promising outlook for photochemical H2 release as a 
strategy for hydrogen storage involving the CO2/HCO2H couple.  
3.4 Experimental Section 
General Considerations.  
Manipulations were performed under the inert nitrogen atmosphere of a Schlenk line or a 
glovebox. Water was thoroughly degassed by sparging with nitrogen before use. D2O, DCO2D, 
NaOD(aq), and DCl(aq) were purchased from Cambridge Isotopes Laboratories, Inc. 
[Cp*Ir(Cl)2]2,
53 [Cp*Ir(bpy)(Cl)][Cl] (1),29 and [Cp*Ir(bpy-OMe)(Cl)][Cl] (1-OMe)30 were 
synthesized following established procedures. All other materials were readily commercially 
available and were used as received. UV-Vis spectra were obtained with an Ocean Optics 
USB2000+ spectrometer with a DT-MINI-2GS deuterium/tungsten halogen light source 
controlled by OceanView software. 1H NMR spectra were recorded on 400 or 600 MHz 
spectrometers at 25 ºC. Chemical shifts are reported with respect to residual proteo solvent.54 
ESI-MS data was acquired on a Thermo Scientific LTQ-FT-ICR Mass Spectrometer. Infrared 
spectroscopy was carried out with a Bruker Alpha FT-IR equipped with an ATR module. 
 Visible light photolysis was carried out using either an EagleLight 460 nm (± 12 nm at 
half-max intensity) LED lamp (500 lumens at 15 W; ~2 mW·cm−2 in typical experimental 
conditions) or a ThorLabs multi-wavelength LED source containing 406 ± 10 nm, 443 ± 9 nm, 
and 503 ± 13 nm LED lamps controlled by a ThorLabs LED driver for tunable power density. A 
Coherent FieldMaxII Laser Power/Energy Meter (photodiode) was used for electronic photon 
flux measurements (to determine the number of incident photons on a sample). The quantum 
yield of the reaction was determined based on the moles of H2 produced divided by the moles of 
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absorbed photons after 2 h of irradiation. Measurements of pH were obtained with either a Fisher 
AccupHast pH probe, a Hanna pH probe, or a Hach ISFET silicon chip pH probe. 
Photocatalytic Formic Acid Dehydrogenation Procedures. 
General Procedure A: Eudiometry. 
Reactions were carried out in 20 mL scintillation vials containing a stir bar, 10 mL pH 
adjusted aqueous formate, and the desired precatalyst [Cp*Ir(bpy)(Cl)][Cl] (1) or [Cp*Ir(bpy-
OMe)(Cl)][Cl] (1-OMe). Formate solutions were made by dissolving the appropriate amount of 
NaCO2H in HPLC grade water; pH adjustments were made by addition of dilute HCl(aq) and/or 
KOH(aq). In a typical reaction, an aqueous precatalyst solution containing 3.6 µmol 1 or 1-OMe 
was delivered to a scintillation vial containing 10 mL pH-adjusted formate via micropipette. 
Specialized vial caps were constructed using septum caps, PTFE tubing, needles, parafilm, and 
grease (Appendix B, Figure B.1). Caps were sealed on each vial with grease and parafilm for an 
air-tight seal. Once capped and sealed, the reaction vial was wrapped in aluminum foil to shield 
the reaction from light. A large recrystallization dish was then filled halfway with water and a 
graduated centrifuge tube, filled with water, was inverted in the water of the recrystallization 
dish. The PTFE tubing attached to the reaction vial was placed into the inverted centrifuge tube, 
completing the eudiometer setup (Appendix B, Figure B.1). All reaction vials were then 
degassed with N2 from a Schlenk line by inserting a needle through the septum cap to the bottom 
of the solution. After degassing for at least 15 min, the eudiometer tube was once again filled 
with water and any trace N2 gas left in the eudiometer (typically < 0.1 mL) was recorded and 
subtracted from subsequent data. After removing the aluminum foil, the samples were 
illuminated with a 460 ± 12 nm LED lamp with constant stirring from a magnetic stir bar. The 
gas evolved from these reactions was collected, via the PTFE tubing, in the inverted-burette style 
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eudiometer suspended in water and the volume of evolved gas was recorded for the duration of 
the experiment. 
A representative photocatalytic dehydrogenation procedure, following General Procedure 
A, is included for completeness. In a beaker, 1.701 g (0.025 mol) NaCO2H was dissolved in 
HPLC grade water; a volumetric flask was used to dilute the total solution volume to 25 mL, 
resulting in a 1.0 M formate solution. This solution was transferred to a beaker equipped with a 
stir bar. The pH was adjusted by addition of small volumes of KOH(aq). A 20 mL scintillation 
vial was then filled with 10 mL of the pH adjusted solution using a micropipette. A second 
scintillation vial was prepared the same way and stir bars were added to both vials. A 76.9 µL 
aliquot of a 0.042 M stock solution of 1-OMe (3.25 µmol) was added to the first vial with a 
micropipette. The second vial was used as a control and contained no precatalyst. The 
specialized caps were then put on the two vials, and the vials were sealed with grease and 
parafilm around the cap-vial junction. Aluminum foil was wrapped around each vial to shield 
from light. A long needle connected to a Schlenk line was then inserted into the solution through 
the septum cap. The PTFE tubing was immersed into the inverted centrifuge vial. N2 was then 
bubbled through the solution from the Schlenk line for at least 15 min. The inverted centrifuge 
vial was then refilled with water, while the end of the PTFE tubing was kept submerged. The 
tubing was then reinserted in the centrifuge vial. Under constant stirring, the aluminum foil was 
removed from the vials and the 460 nm LED lamp was turned on. Volume measurements were 
made periodically by inspection of the water level in the inverted centrifuge vial and recording 
the volume of collected gas.  
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General Procedure B: Pressure Vessel. 
Reactions were performed in ~40 mL Pyrex glass pressure vessels equipped with a stir bar 
and capped with a pressure gauge (60 or 160 psig). Each vessel was charged with 20 mL of 1 M 
formate at pH 8-9, prepared according to the general procedure above. In a typical experiment, 
100 mL of 1 M formate was prepared, transferred to a small bomb, and degassed for 20-30 min 
prior to being pumped into an N2-filled glovebox. Next, 4.5-5.2 mg (7.32-8.46 µmol) 1-OMe 
was weighed into a vial, and a micropipette was used to deliver 20 mL of the 1 M formate 
solution to the vial. The dissolved catalyst was then added to the pressure vessel along with a stir 
bar. The vessel was then capped with the pressure gauge to create an air-free, closed system. The 
vessel was then removed from the glovebox and placed in a photolysis hood. Under constant 
stirring, the vessel was monitored in the dark for ~10 min prior to irradiation. After 10 min in the 
dark (allowing for equilibration in any temperature change between the glovebox and photolysis 
hood), the vessel was irradiated with LED light. At periodic intervals, the light was turned off, 
the pressure gauge was checked, and the pressure buildup was recorded. 
Control Reactions. 
Light Dependence. 
 A series of three 20 mL scintillation vials were each charged with 10 mL of 1.0 M 
formate at pH 10.2 following the method described in General Procedure A. A 181.0 µL aliquot 
of 1.0 M phosphate buffer (0.181 mmol) was added to the first vial along with a 65.0 µL aliquot 
of a 0.049 M stock solution of 1 (3.19 µmol) using a micropipette. A second scintillation vial 
was charged with a 181.0 µL aliquot of 1.0 M phosphate buffer (0.181 mmol) along with a 132.3 
µL aliquot of a 0.024 M stock solution of 1-OMe (3.19 µmol) using a micropipette. A third 
scintillation vial was prepared the same way, but without the addition of 1 or 1-OMe; the third 
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vial was used as a control and contained no precatalyst. Stir bars were added to the vials and the 
samples were degassed for at least 15 min. After degasing, the vials were irradiated in 1 h 
intervals with volume measurements taken every 15 min. After each 1 h of irradiation, the light 
was turned off and the vials were covered with aluminum foil to protect from room light. 
Volume measurements were also taken every 15 min with the light turned off, and the light was 
turned back on after 1 h. The process was repeated twice more for a total of 6 h (3 h light on, 3 h 
light off).  
Catalyst Dependence. 
A series of three 20 mL scintillation vials were each charged with 10 mL of 1.0 M 
formate at pH 8.7 following the method described in General Procedure A. The first vial was 
used as a control and contained no precatalyst. The second vial was charged with a 321.9 µL 
aliquot of a 0.011 M stock solution of 1-OMe (3.61 µmol) using a micropipette. The third vial 
was charged with 2.8 mg (4.12 mmol) [Cp*Ir(OH2)3]
2+, synthesized following established 
procedure.32, 55 [Cp*Ir(OH2)3]
2+ exhibited solubility issues in 1 M formate, and was evaluated as 
a stirring suspension. The vials were prepared following General Procedure A, and were 
irradiated with 460 nm light for 2 h. 
Stability in Air. 
A 20 mL scintillation vial was charged with 10 mL of 1.0 M formate at pH 8.7 following 
the method described in General Procedure A. The vial, run under the same conditions as vial 2 
in Part B above but without an N2 sparge, was charged with a 149.7 µL aliquot of a 0.024 M 
stock solution of 1-OMe (3.60 µmol) using a micropipette. The vial was prepared following 
General Procedure A, and was irradiated with 460 nm light for 2 h. The TON was determined to 
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be 22 and was compared to vial 2 in Part B above (TON 31); the catalyst retained ~70% of its 
activity after 2 h without sparging. 
Mechanistic Studies. 
Monitoring the pH Change of Reaction Mixtures. 
Trapping CO2 released during formate dehydrogenation was expected to alter the solution 
pH by engaging carbonate equilibria. The pH was tested before and after most photocatalytic 
experiments, leading to the conclusion that factors such as the catalyst concentration (1 or 1-
OMe), formate concentration, or presence of phosphate do not impact the change in pH during 
the reaction. In samples showing good catalytic activity (5 < pH < 11) a final value of pH ~ 8 
was achieved (Figure 3.5). The final pH for experiments ran at very high or very low pH (where 
the reaction does not progress) does not deviate from the initial pH, consistent with CO2 
produced during catalysis being responsible for the pH change. 
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Figure 3.5. a) H2 content of evolved gas as a function of final pH for 1 and 1-OMe under a wide 
variety of reaction conditions. b) Final pH after photocatalytic formate dehydrogenation 
compared to initial pH measured before the reaction. Conditions: 0.18 – 1.50 mM 1 or 1-OMe, 
0.5 – 4 M NaCO2H(aq), 296 K, 0 – 36 mM phosphate, 0 – 4 mM free ligand. 
CO2 sequestration via engagement in carbonate equilibria in water was tested by 
preparing authentic samples of NaHCO3 in 1 M formate. Three vials were charged with 10 mL 
of 1 M formate, a stir bar, and 22.0, 43.5, and 65.8 mg (0.26 – 0.78 mmol) NaHCO3, 
respectively. After stirring for a few minutes, a pH of 8.1 was recorded for all three vials. 
pH Dependence of Catalysis. 
According to General Procedure A, 1.0 M formate solutions containing 0.36 mM 1 or 1-
OMe were evaluated as photocatalysts at various pH values. Control reactions prepared without 
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any Ir catalyst were also evaluated. Figures 0.9 and 0.10 show the evolved gas volume after 2 h 
of illumination with the 460 nm lamp. 
Order in Iridium. 
According to General Procedure A, a series of three reaction vessels were prepared in pH 
6.1 formate (1.0 M) and 50 eq. phosphate, varying the concentration of 1 from 0.18 mM to 0.72 
mM. Appendix B, Figure B.11 shows the gas evolved after 2 h illumination at 460 nm. In an 
analogous experiment, six reaction vessels were prepared in pH 8.7 formate (1.0 M), varying the 
concentration of 1-OMe from 0.18 mM to 1.51 mM. Appendix B, Figure B.12 shows the gas 
evolved after 2 h illumination at 460 nm. 
Optical Spectroscopic Monitoring.  
Photocatalytic formic acid dehydrogenation was monitored in situ by UV-Vis. A cuvette 
was charged with 2.5 mL of pH 9.2 formate (1.0 M) and a stir bar. The cuvette was fitted with a 
septum cap threaded with PTFE tubing leading to a eudiometer and was degassed (see General 
Procedure A). A file writer in the OceanView program was started, collecting data every second 
for ~8 min. The reaction was initiated by injection of 65.0 µL of a 0.011 M stock solution of 1-
OMe (0.72 µmol) and monitored over 8 min (Appendix B, Figure B.13). The growth of the 
characteristic band of hydride 2-OMe (max = 390 nm) was observed over about 120 seconds. 
 A similar experiment probed the resting state during active photocatalysis. After allowing 
the hydride to form while protected from light, the sample was irradiated with the 460 nm lamp 
and monitored for 2 h (Appendix B, Figure B.14). The concentration of the hydride remained 
constant during irradiation, suggesting that 2-OMe is the resting state during turnover. After 23 h 
of illumination, gases collected in the eudiometer corresponded to TON = 35. These experiments 
were reproducible; Figure 3.4 in the main text is based on data from a closely related experiment. 
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Kinetic Isotope Effect. 
A HCO2H/H2O sample was adjusted to pH ~8 in a 2 mL volumetric flask inside a N2 
glovebox. A 86.9 µL aliquot of a 0.008 M stock solution of 1-OMe (0.72 µmol) was added to the 
flask and H2O was added to produce a 2 mL 1.0 M formate solution (pH 7.5). The solution was 
then transferred to a 4 mL vial, capped, and removed from the glovebox. Following General 
Procedure A, the evolved gas volume was recorded periodically under 460 nm irradiation for 2 h. 
A DCO2D/D2O sample was prepared analogously using vials and a stir bar rinsed with D2O and 
oven-dried prior to use. A 2 mL volumetric flask was charged with 0.9 mL D2O (99.96% D) and 
a stir bar. A 80.1 µL aliquot of DCO2D (98% D2) was added to the flask, and the pH was 
adjusted to ~8 with NaOD and DCl. A 76.7 µL aliquot of a 0.009 M stock solution of 1-OMe 
(0.72 µmol) was added to the flask and D2O was added to produce a 2 mL 1.0 M formate 
solution (pD 8.4, where pD = pH + 0.4). Because photocatalytic reactions have pH drift during 
the course of the reaction (see above), slight differences in the initial pH were assumed to be 
negligible. The solution was then transferred to a 4 mL vial, capped, and removed from the 
glovebox. According to General Procedure A, the evolved gas volume was recorded periodically 
under 460 nm irradiation for 2 h. 
 The KIE experiment was run twice to ensure reproducibility of the KIE value. The 
second experiment was scaled up to better observe evolved gases. After 2 h irradiation, the 
headspace was sampled to determine the hydrogen percentage. The hydrogen percentage was 
found to be 97.2% for the deuterated sample and 98.1% for the proteo sample. The final pH was 
8.8 for the proteo sample, while the final pD was 9.2 for the deuterated sample. The average KIE 
was determined to be 2.6(3). 
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 Mixed H/D KIE experiments were performed using DCO2D/H2O and HCO2H/D2O. The 
DCO2D/H2O sample was adjusted to pH ~9 in a 5 mL volumetric flask inside a N2 glovebox. A 
299.5 µL aliquot of a 0.006 M stock solution of 1-OMe (1.80 µmol) was added to the flask and 
H2O was added to produce a 5 mL 1.0 M formate solution (pH 9.5). The HCO2H/D2O sample 
was prepared analogously using vials and a stir bar rinsed with D2O and oven-dried prior to use. 
The HCO2H/D2O sample was adjusted to pD ~9 (using NaOD and DCl) using in a 5 mL 
volumetric flask inside a N2 glovebox. A 293.4 µL aliquot of a 0.006 M stock solution of 1-OMe 
(1.80 µmol) was added to the flask and D2O was added to produce a 5 mL 1.0 M formate 
solution (pD 9.8). After 2 h irradiation, the headspace was sampled to determine the hydrogen 
percentage. The hydrogen percentage was found to be 97.4% for the HCO2H/D2O sample and 
98.3% for the DCO2D/H2O sample. The final pH was 8.9 for the DCO2D/H2O sample, while the 
final pD was 9.3 for the HCO2H/D2O sample. The KIE values for the DCO2D/H2O and 
HCO2H/D2O samples were determined to be 1.8 and 2.4, respectively. 
Wavelength Dependence Studies. 
 
To directly compare the 406, 443, and 503 nm LEDs, the power density was matched to 
~13 mW·cm−2 using a Coherent FieldMax energy meter and photodiode while varying the 
current setting on the LED driver. Using the general pressure vessel procedure, three 
experiments were performed using the 406, 443, and 503 nm LEDs adjusted to a power density 
of 13 mW·cm−2. For the 406 nm experiment, the vessel was charged with 20 mL of 1 M formate 
at pH 8.6, 5.2 mg (8.46 µmol) 1-OMe, and a stir bar. For the 443 nm experiment, the vessel was 
charged with 20 mL of 1 M formate at pH 8.6, 4.7 mg (7.65 µmol) 1-OMe, and a stir bar. For the 
503 nm experiment, the vessel was charged with 20 mL of 1 M formate at pH 8.6, 4.9 mg (7.97 
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µmol) 1-OMe, and a stir bar. Each sample was irradiated for 2 h, with pressure readings 
recorded every 30 min. 
 Similar performance for the 406 and 443 nm LEDs can be explained from the number of 
absorbed photons. From the power density given by the photodiode, the photon flux (defined 
here as the mol photons·s−1 of irradiation) at the irradiation wavelength was determined. The 
photon flux was then multiplied by the irradiation time (in seconds) to calculate the moles of 
incident photons. Then, using the percentage of light absorbed (by 2-OMe) at the irradiation 
wavelength, the moles of absorbed photons were determined. Results are summarized in the 
table below. 
Table 3.2. Absorption characteristics of 2-OMe during catalysis. 
Quantum yields (defined as moles of H2 produced divided by the moles of absorbed 
photons after 2 h of irradiation) at different power densities using the 406, 443, and 503 nm LEDs 
are shown in the table below. 
Light 
source 
(nm) 
Power Density: 13 mW·cm−2 
%A at 
λirradiation 
Mol 
photons·s−1 (x 10-7) 
Mol incident 
photons (x 10-3) 
Mol absorbed 
photons (x 10-3) 
406 96.9 
89.7 
18.6 
5.38 
5.85 
6.76 
3.87 
4.21 
4.87 
3.75 
3.78 
0.91 
443 
503 
 
100 
Table 3.3. Quantum yield of formate dehydrogenation catalysis by 1-OMe.a 
 
Light Intensity Dependence. 
To determine the effect of light intensity on catalytic performance, a series of 
experiments were carried out using the 443 nm LED at different power densities while observing 
the TOF after 2 h of irradiation. Using the general pressure vessel procedure, experiments were 
performed using the 443 nm LED while varying the power density between 2–62 mW·cm−2. For 
each experiment, the vessel was charged with 20 mL of 1 M formate at pH 8.6-8.8, 4.6-4.8 mg 
(7.48–7.81 µmol) 1-OMe, and a stir bar. Each sample was irradiated for 2 h, with pressure 
readings recorded every 30 min. 
Catalyst Deactivation. 
Catalytic activity was found to decrease over time, leveling off after about 20 h of 
irradiation (Appendix B, Figure B.21). In some cases dark blue/black precipitates were observed 
after prolonged illumination, consistent with decomposition to Ir clusters or nanoparticles. 
Excess Ligand Studies. 
A series of two 20 mL scintillation vials were each charged with a stir bar and 10 mL of 
pH 9 adjusted 1.0 M formate solution according to the general procedure. A 166.6 µL aliquot of 
0.022 M stock solution of 1 (3.61 µmol) was added to each vial. In the second vial, 1.7 mg 
Light 
Source 
(nm) 
Φ 
13 mW·cm−2 
Φ 
35 mW·cm−2 
Φ 
62 mW·cm−2 
406 0.05 
0.05 
0.10 
0.04 
0.04 
- 
- 
0.03 
- 
443 
503 
aΦ determined at power density given above after 2 h of irradiation. Dash indicates power 
density not available for a particular light source. 
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(0.011 mmol) free bpy ligand was added to the solution. Following the general procedure for 
eudiometer setup, gas evolution was monitored over time with 460 nm irradiation. 
Order in Formate. 
According to General Procedure A, experiments were carried out with 0.36 mM 1 or 1-
OMe in pH 8.7 formate ranging in concentration from 0.05 M to 8.0 M. Appendix B, Figure 
B.24 shows the gas evolution after 2 h illumination of each vial. 
 
Figure 3.6. Gas evolved after 2 h of 460 nm irradiation with varying concentrations of formate 
with 1 (filled circles) and 1-OMe (empty squares). 
A yellow precipitate was noted under high formate concentrations with 1-OMe. In an N2-
filled glovebox, an NMR tube was charged with 0.5614 g sodium formate (8.25 mmol), 654.0 
µL D2O, a 10 µL aliquot of a 0.935 M dioxane internal standard (9.35 µmol), and a 346.0 µL 
aliquot of a 0.009 M stock solution of precatalyst 1-OMe (3.25 µmol) using a micropipette. A 
yellow precipitate formed immediately and was collected via filtration. Spectroscopic evidence 
suggests the complex to be [Cp*Ir(bpy-OMe)(H)][O2CH], with the data closely matching the 
previously reported hexafluorophosphate salt in DMSO-d6.
42 1H NMR (CD3CN): 8.60 (d, J = 6.6 
Hz, 2H), 8.44 (s, 1H), 7.88 (d, J = 2.8 Hz, 2H), 7.15 (dd, J = 6.6, 2.8 Hz, 2H), 4.03 (s, 6H), 1.79 
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(s, 15H), -11.27 (s, 1H). ESI-MS: calcd. m/z for C23H28IrN2O4
+ ([Cp*Ir(bpy-OMe)(O2CH)]
+): 
589.16838, observed m/z: 589.16746. IR (cm−1): 3350s, 2046m, 1586vs, 1557vs, 1492s, 1428m, 
1384m, 1343s, 1306m, 1255m, 1227m, 1033s, 1007m, 857m, 747w, 591w, 429w. 
A yellow solution was noted under high formate concentrations with 1. In an N2-filled 
glovebox, an NMR tube was charged with 0.5635 g (8.29 mmol) sodium formate, 1 mL D2O, a 
10 µL aliquot of a 0.935 M dioxane internal standard (9.35 µmol), and a 149.3 µL aliquot of a 
0.024 M stock solution of precatalyst 1 (3.61 µmol) using a micropipette. Spectroscopic 
evidence suggests the complex to be [Cp*Ir(bpy)(H)][O2CH], with the data closely matching the 
previously reported hexafluorophosphate salt.56 1H NMR (D2O): 8.13 (d, J = 8.0 Hz, 2H), 7.96 (t, 
J = 7.9 Hz, 2H), 7.52 (t, J = 6.3 Hz, 2H), 1.69 (s, 15H), -11.92 (s, 1H).  Fourth bpy resonance is 
hidden by formate peak at 8.48 ppm. 
Complexes on Proposed Catalytic Cycle. 
To accumulate spectroscopic data on each complex on the catalytic cycle, several 
experiments were performed to directly observe proposed intermediates on- and off-cycle. First, 
the presence of [Cp*Ir(bpy)(OH)]+ was examined by adding chloride 1 and aquo 
[Cp*Ir(bpy)(H2O)]
2+ in pH 9.6 carbonate buffer into two NMR tubes. Dioxane was added as an 
internal standard. The NMR spectra for the two samples were identical, with the data closely 
matching the previously reported triflate and tetrafluoroborate salts.26, 57 1H NMR (D2O): 8.99 (d, 
J = 5.6 Hz, 2H), 8.48 (d, J = 8.5 Hz, 2H), 8.24 (t, J = 8.1 Hz, 2H), 7.80 (t, J = 6.9 Hz, 2H), 1.64 
(s, 15H). 
The presence of the off-cycle Ir(II)-bpy•− complex (3, Scheme 3.2 in the main text) was 
probed by setting up hydride 1 in basic conditions. In a 20 mL vial, 2.8 mg (4.4 µmol) 
[Cp*Ir(bpy)(H)][OTf], synthesized following an established procedure,19 was added to 2 mL of 
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H2O. Dilute NaOH was added and the pH was recorded as 13.1. The solution immediately turned 
purple-brown. After ~3 h stirring, a dark purple solution with a purple precipitate was observed. 
The precipitate was collected via filtration and dissolved in C6D6 for NMR characterization, 
which matched the previously reported Ir(II)-bpy•− complex.49 
Determination of the dark blue/black precipitates under prolonged irradiation was next 
investigated. After ~72 h of 460 nm irradiation, samples of 0.36 mM 1 in 1.0 M formate at pH 8 
and 10 were found to exhibit a dark blue color. Following a 1:3 dilution in water, the λmax was 
determined to be 750 nm by UV-Vis characterization. The spectrum matched well with a 
previously reported spectrum,40 reported to be consistent with IrOx nanoparticle formation. 
Improved Catalytic Conditions. 
Eudiometer. 
To obtain the best TON results, all factors that produce higher H2 gas volumes were 
combined. Following the general procedure, a 20 mL scintillation vial was charged with a stir 
bar and 10 mL of 1.0 M, pH 6 formate solution. A 180.3 µL aliquot of 1.0 M phosphate buffer 
(0.180 mmol) was added to the vial along with a 89.7 µL aliquot of a 0.040 M stock solution of 
precatalyst 1 (3.61 µmol) using a micropipette. A second 20 mL scintillation vial was charged 
with a stir bar and 10 mL of 2.0 M, pH 6 formate solution. A 180.3 µL aliquot of 1.0 M 
phosphate buffer (0.180 mmol) was added to the second vial along with a 117.9 µL aliquot of a 
0.031 M stock solution of precatalyst 1-OMe (3.61 µmol) using a micropipette. Following the 
general procedure for eudiometer setup, gas evolution was monitored over time with irradiation. 
After ~ 1 day of irradiation for both samples, max TONs of 79 and 204 were obtained for 1 and 
1-OMe respectively. 
Pressure Vessel. 
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Following the general pressure vessel procedure, the ~40 mL pressure vessel was charged 
with a stir bar and 20 mL of 1.0 M pH 8.5-8.8 formate solution. For the 406 nm experiment, the 
vessel was charged with 4.7 mg (7.65 µmol) 1-OMe. For the 443 nm experiment, the vessel was 
charged with 4.8 mg (7.81 µmol) 1-OMe. Each sample was irradiated over a couple days with 
their respective lamps, with pressure readings recorded periodically. 
Finally, best TON results were obtained using 1 and 1-OMe. The ~40 mL pressure vessel 
was charged with a stir bar and 20 mL of 3.0 M pH 8.1 formate solution. For 1, the vessel was 
charged with 4.3 mg (7.75 µmol) 1. For 1-OMe, the vessel was charged with 4.5 mg (7.32 µmol) 
1-OMe. A webcam, connected to a computer, was set up to monitor the pressure gauge every 30 
min over the course of the experiment. After 443 nm irradiation, the headspace was sampled to 
determine the hydrogen percentage. A balloon was used to completely envelop the pressure 
gauge and Teflon adapter. Loosening the Teflon cap allowed for collection of reaction gases in 
the balloon, enabling syringe sampling for GC analysis. The hydrogen percentage was found to 
be 96.5% and 96.0% for 1 and 1-OMe, respectively. 
GC Analysis. 
H2 quantification was performed using a Varian 450-GC with a pulsed discharge helium 
ionizer detector. A 1.0 mL Vici Pressure-Lok Precision Analytical gas-tight syringe was used to 
sample the headspace of the reaction vials by puncturing the septum cap. Calibration curves were 
constructed independently for H2 and CO2. Mixed gas samples for calibration were prepared by 
performing gas dilutions in sealed round bottom flasks. Data for each gas mixture was collected 
at least three times. The instrument is considerably more sensitive to CO2, with even small 
amounts leading to substantial response. The resulting calibration curves for H2 (Appendix B, 
Figure B.3) and CO2 (Appendix B, Figure B.4) were validated by comparison with an authentic 
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sample of 50/50 H2/CO2, purchased from Airgas (certificate of analysis: 51 ± 2 % H2). The 
commercial 50/50 H2/CO2 sample was 48 ± 2 % H2 and 52 ± 4 % CO2 according to the 
calibration curves. 
Quantification of Catalytic Activity. 
Turnover number (TON) is defined as the moles of H2 produced divided by the moles of 
catalyst present in the reaction. Based on the H2 composition of the evolved gas determined by 
GC, the moles of H2 were calculated from the total volume of gas evolved. Turnover frequency 
(TOF) is calculated by dividing the TON by the time of reaction (the irradiation time). TOF 
values are typically calculated as initial rates, using the first 2 hours of the reaction, over which 
time the TOF was constant. Many experiments were run three times to ensure consistency and 
minimize experimental error. Error bars represent the standard deviation when two or more 
experiments were performed. When only one experiment was performed, uncertainty of ±3% 
was assigned based on typical run-to-run variation and the GC instrument response variation. 
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3.6 Associated Content 
Appendix B: Additional experimental details, photographs of reaction setups, NMR spectra.  
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Chapter 4: PHOTOINDUCED HYDRODEHALOGENATION OF DICHLOROMETHANE 
BY IRIDIUM HYDRIDE COMPLEXES 
 
4.1 Introduction 
Hydrodehalogenations are an important class of transformations that exhibit great 
potential for a variety of real world applications, including organic synthesis1 and 
decontamination of polluted water.2-12 Hydrodehalogenation has been implemented in chemical 
synthesis for the purpose of removing a halide protecting group to enable new reactivity,13, 14 to 
activate the α-position reactivity, and to simply dehalogenate to generate the desired product 
(Scheme 4.1).15-17 Dehalogenation has also been used in biological applications to generate chiral 
alpha-methylamines from alkyl iodides of protected alpha-amino acids for drug development, 
inhibitors, and potassium channel modulators.18,19 In water purification, the transformation may 
be applied to remove halogenated compounds20 from drinking water via conversion to more 
easily removed hydrocarbon analogs. Additionally, photoredox catalysis has been used to 
promote light-driven hydrodehalogenation reactions.1, 21, 22 Transition metal complexes, 
traditionally iridium and ruthenium polypyridyl species, are often applied to photoredox 
catalysis, serving as the light-absorbing photosensitizer that ultimately generates the redox 
equivalents for promoting desireable organic transformations using visible light irradiation. 
Scheme 4.1. General hydrodehalogenation reaction of a) aromatic and b) aliphatic halides. 
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Careful mechanistic studies have been performed for hydrodehalogenation reactions 
involving aromatic and aliphatic substrates1, 21-25 and aqueous reaction conditions.26 Using 
Ru(bpy)3
2+ photocatalyst, phenacyl-based electron acceptors, 9,10-dihydro-10-methylacridine 
(AcrH2) as the electron donor, and 452 nm light, Fukuzumi observed a change in the mechanism 
for hydrodehalogenation under varying concentrations of HClO4 acid.
23 Under low acid 
concentration, the reaction proceded via a radical reductive quenching pathway, where the 
excited state Ru(bpy)3
2+* is quenched by electron transfer from the AcrH2 electron donor. At 
high acid concentrations, however, a radical oxidative quenching pathway becomes dominant 
and the phenacyl halide oxidizes the excited state complex to Ru(bpy)3
3+, a strong oxidant. 
Stephenson has applied the low acid, reductive quenching mechanism to a broad series of halides 
that are alpha to carbonyls and aryl groups.24  
A conceptually similar switch in mechanism under differing reaction conditions with the 
same catalyst, this time between aromatic and aliphatic substrates instead of acid concentrations, 
has been observed by Jones.25 Using a Cp*ZrH2 catalyst, hydrodehalogenations involving 
aliphatic substrates were found to operate via a radical chain mechanism, while 
hydrodehalogenations involving aromatic substrates were found to proceed through a direct 
hydridic attack from the metal hydride to the aromatic ring. Hydrodehalogenation involving 
hydride transfer to aromatic, aliphatic, and allylic substrates from a metal or metalloid hydride2, 
25, 27-32 have been proposed to go through several different reaction mechanisms, including 
radical chain,33 nucleophilic attack,34 and direct hydridic attack.25, 34-36   
In one metal hydride example, a palladium heterogeneous catalyst is paired with a 
NaBH4-TMEDA (tetramethylethylenendiamine) hydride source to achieve hydrodehalogenation 
of halogenated heterocycles at room temperature.37 A dinuclear molybdenum paddlewheel was 
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invoked in combination with 1-methyl-3,6-bis(trimethylsilyl)-1,4-cyclohexadiene as an H-atom 
source, where kinetic studies reveal H-abstraction from cyclohexadiene to be the rate 
determining step.38 A recent reported utilized silver nanoparticles (AgNPs) and an 
electrochemical hydrodehalogenation strategy to promote the reaction under mild reaction 
conditions and low energy consumption.20 The NPs provide good yields whiles using lower 
metal loading and exhibit enhanced activity when compared to bulk silver.39, 40 Several metals 
have been used in this strategy, including Ag, Pd, Cu, Pt, alloys, and cathode materials.20, 39, 41-48 
Additionally, hydrodehalogenation has been achieved using a variety of metal and metalloid 
hydrides,2, 25, 28, 31, 32 utilizing hydride transfer from metal NPs to affect the transformation.30  
By developing hydrodehalogenation under mild reaction conditions, widespread use of 
this transformation can be promoted. A recent report demonstrated that the reaction could be run 
in aqueous solutions with a Pd catalyst, showing the usefulness of the reaction in water 
purification applications,26 including PdNPs that are recoverable via an external magnet.49 Ogo 
demonstrated the ability of a [Cp*Ir(bpy)(OH2)]
2+ complex to hydrodehalogenate three water 
soluble alkyl halides using a formic acid hydride donor. The reaction was proposed to proceed 
via an SN2 mechanism, with hydride transfer from the generated iridium hydride to the 
halogenated substrate causing a breakage of the C-X bond. 
With a goal of achieving reactivity under mild conditions at room temperature and in the 
absence of strong reductants or oxidants, we wanted to see if [Cp*Ir(bpy)(H)]+ could be used to 
photochemically promote hydrodehalogenation. In the Miller lab, we have previously shown that 
photochemically excited [Cp*Ir(bpy)(H)]+ is an exceptionally potent hydride donor for reactions 
that include photoelectrochemical hydrogen production,50 hydride transfer to organic acids,51 and 
photochemical formic acid dehydrogenation.52 By extending this reactivity to 
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hydrodehalogenation, we wish to harness light-driven hydride transfer from iridium hydride 
complexes to reduce halogenated compounds like dichloromethane, promoting new methods to 
achieve this reaction.  
4.2 Results and Discussion 
Scheme 4.2. Reaction of [Cp*Ir(bpy-OMe)(H)][OTf] and CH2Cl2 with visible light. 
 
Towards our goal of hydrodehalogenating dichloromethane, we initially employed NMR 
spectroscopy to evaluate reactivity. Reactivity in CD2Cl2 was investigated by starting from the 
air- and light-sensitive [Cp*Ir(bpy-OMe)(H)]+ (1) or [Cp*Ir(bpy)(H)]+ (2), prepared from 
modified procedures (See Experimental Section). These two complexes have been previously 
shown to promote light-driven hydride transfer in water and acetonitrile,50-52 and are stable in 
solution in the absence of light. In deuterated dichloromethane, chloromethane-d2 could be 
readily observed with 460 nm LED illumination (Scheme 4.2). Chloromethane-d2 is easily 
observed thanks to identifiable isotopic labeling; the expected pentet splitting pattern, due to 
deuterium coupling, provides a convenient spectroscopic handle to evaluate rates of reaction. 
The reaction was also carried out in proteo dichloromethane solvent, however the resultant 
chloromethane product (CH3Cl), observed as a singlet, is far less distinct when compared against 
reactions run in deuterated dichloromethane. Importantly, control reactions of 1 or 2 in 
dichloromethane in the dark showed minimal reactivity; after one hour in the dark, 6% of 
hydride 2 had converted to 2-Cl. For comparison, after one hour of 460 nm irradiation 94% of 
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hydride 2 had converted to 2-Cl and a significant growth of the chloromethane-d2 peak at δ 2.99 
ppm was observed. This clearly indicates that the reaction is promoted by visible light. 
 
Figure 4.1. 1H NMR spectrum of [Cp*Ir(bpy)(H)][OTf] (2) in a CD2Cl2/H2O biphasic system in 
a) the initial dark tube b) the dark tube after 1 hour, c) the initial light tube, and d) the light tube 
after irradiation with 460 nm LED for 1 hour. Inset: CD2HCl peak growth is observed at δ 2.99. 
 
The photolysis of 1 and 2 in dichloromethane cleanly forms the chloride complex and 
chloromethane. No solvent bound product is observed, nor are any decomposition products 
noted. In the absence of dichloromethane reactants, more complex behavior is observed, with 
decomposition and iminoacyl adduct formation occurring in acetonitrile.51 In addition, no H2 
release was observed by 1H NMR for the reaction in dichloromethane.  
Clean formation of the isotopically labeled chloromethane-d2 in CD2Cl2 provides initial 
insight into the mechanism of photoinduced hydrodehalogenation. No other isotopologues are 
observed, and no H/D scrambling of the added hydride is noted. H/D scrambling might be 
expected if a radical mechanism was involved in this transformation. Instead, chloromethane-d2 
is the expected product in a net hydride transfer through a nucleophilic hydride transfer 
a) 
b) 
c) 
d) 
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mechanism. Similar net hydride reactivity was been proposed previously,25, 34-36 with the notable 
example of the [Cp*Ir(bpy)(H)] + complex promoting thermal hydride transfer to water soluble 
alkyl halide substrates.53 Applying excited state reactivity to the alkyl halide system, however, 
does not yield improved hydrodehalogenation activity; instead, irradiation of 1 or 2 in D2O with 
2-bromopropanoic acid favored increased formation of H2, observed as bubbles in solution. We 
have previously observed excited state production of H2 in the presence of 1 or 2, formed from 
net hydride transfer from the iridium complex to water, which serves as the proton donor to yield 
H2.
50, 52 However, catalytic hydrodehalogenation activity in the dark was improved from the 
literature (9 TON)53 by using 1, resulting in up to 42 TON of propanoic acid. Increased activity 
of 1 has been demonstrated previously,50 as 1 is a more active catalyst and is more stable over a 
wide pH range.52 
Reactivity in the presence of additional substrates was evaluated next. Hydride 1 was 
generated in an aqueous formate solution from 1-Cl precursor, followed by addition of 0.5 mL of 
either proteo bromohexane, bromocyclohexane, or 1,2-dichloroethane. Irradiation with 460 nm 
light did not yield any hydrodehalogenated product. Again, H2 production was observed with 
illumination (confirmed with headspace GC analysis). Additionally, UV-Vis spectra of in situ 
reactions of hydride 2 and 2 mL of either dichloromethane, dichloroethane, chlorobenzene, or 
chlorohexane show that the hydride disappears within 30 min of irradiation. Analogous 
experiments carried out in NMR tubes in C6D5Cl with added dichloromethane, dichloroethane, 
chlorobenzene, or chlorohexane were irradiated for 30 minutes, with 1H NMR spectra also 
showing disappearance of the hydride and production of H2. These observations suggest that 
hydride 1 reacts with itself to form H2 instead of reacting with the substrates present in C6D5Cl. 
It is particularly notable that no chloromethane was observed in the NMR tube containing 
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dichloromethane in C6D5Cl. In similar NMR experiments, hydride 2 was added to CD3CN with 
added dichloromethane, dichloroethane, chlorobenzene, and chlorohexane. Upon 460 nm light, 
no hydrodehalogenation products were observed; instead, the bimetallic iminoacyl complex was 
noted (Scheme 4.3). These results suggest that hydride 2 will react with the CD3CN solvent 
preferentially over added substrate to form the iminoacyl complex. NMR experiments in neat, 
deuterated dichloroethane, chlorobenzene, and chlorohexane will be explored in future work. 
Scheme 4.3. Iminoacyl formation from 2 in CD3CN. 
 
The reactivity of complexes 1 and 2 towards hydrodehalogenation of CD2Cl2 to form 
chloromethane-d2 sparked our interest in better understanding the excited state reactivity and 
mechanism. Toward this goal, we set out to run careful kinetic studies to elucidate the 
mechanism. Hydrodehalogenation involving hydride transfer from a metal hydride to organic 
substrates have been previously reported,2, 25, 27-32 and have been proposed to proceed through 
several different mechanisms including radical chain,33 nucleophilic attack,34 and direct hydridic 
attack.25, 34-36 Reports of light-driven hydrodehalogenation are less numerous, but do exhibit, 
primarily in the field of photoredox catalysis.1, 23, 24 The majority of these systems utilize either 
Ru(bpy)3
2+ or Ir(ppy)3 as photosensitizers for the reaction with an added electron donor species; 
a radical mechanism is proposed for these systems. From our previous studies,51 complexes 1 
and 2 have been shown to be more than merely serving as the photosensitizer. To understand the 
mechanism behind light-driven hydrodehalogenation of dichloromethane using hydrides 1 and 2, 
116 
we began by monitoring the initial rate of the reaction with various iridium concentrations under 
visible irradiation using UV-Vis.  
 
Figure 4.2. Absorbance profile of 0.56 mM 1 in CH2Cl2 upon 443 nm irradiation to form 1-Cl 
(and chloromethane). The growth of 1-Cl was observed between 0.15 – 30 min of irradiation.   
The reaction proceeds very quickly with light; within 30 minutes of 443 nm irradiation, 
the reaction is essentially complete. After less than 1 minute of irradiation, the reaction reaches 
10% conversion. Due to this rapid reactivity, the absorbance of the starting material can vary 
greatly within the period of a short, 30 minute experiment (Figure 4.2). The method of initial 
rates helps to minimize this dramatic change in absorbance, giving more reliable kinetic 
information to better understand the reaction mechanism. The starting hydride material and 
product chloride material have distinct, characteristic λmax values that provide a convenient 
spectroscopic handle (420 nm for hydride, 350 nm for chloride, Figure 4.3). A slight spectral 
overlap between the hydride and chloride is observed, but the absorptivity between the hydride 
and chloride species is vastly different at the irradiation wavelength, ensuring that irradiated 
photons are absorbed almost exclusively by the hydride to productively promote activity. This 
slight spectral overlap further amplifies the importance of using the initial rates method to obtain 
the most reliable kinetic information. With a 443 nm light source and variable power output, we 
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were able to carefully tune the photon flux in order to observe reaction kinetics over longer time 
periods and collect additional data points.  
 
Figure 4.3. UV-Vis spectra of 0.21 mM 1 and 0.21 mM 1-Cl.  
 
Figure 4.4. a) Log plot of quantum yield vs. [1] using 443 nm irradiation at 250 mA current and 
b) log plot of quantum yield vs. [1] using 443 nm irradiation at 10 mA current. 
Varying the iridium concentration between 0.06 and 0.57 mM, initial rate data was 
obtained to determine the order of iridium within the reaction. A log-log plot of iridium 
concentration vs. initial rate was constructed and the data indicated that the reaction was second 
order in iridium. However, as discussed above, the absorbance of the reaction is changing as the 
reaction progresses, due to the changing concentration of 1. Deviation from second order within 
initial rates plots can be explained through the change in absorbance of the hydride even over 
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these small irradiation times. A correction to this changing absorbance may be achieved by 
graphing log iridium concentration vs. log quantum yield. Importantly, the quantum yield term 
enables the correction of actual light (photons) absorbed by the sample over the initial points of 
the experiment. Performing this correction, a slope of one is noted for the quantum yield plot 
(Figure 4.4a), indicative that the reaction is second order in iridium.  
 A mechanism that is consistent with a reaction second order in iridium is proposed 
below (Equation 4.1 to Equation 4.5). First, a ground state hydride absorbs a photon and enters 
the excited state. Once excited, the excited state hydride is surrounded by ground state hydride 
and reacts with one equivalent of the ground state hydride. This bimetallic excited state electron 
transfer results in the formation of IrIV-H2+ and IrII-H intermediate species, where the IrII-H acts 
as a hydride donor to form IrII-Cl and chloromethane. The IrIV-H2+ intermediate oxidizes the 
generated IrII-Cl to form IrIII-H+ and IrIII-Cl+ product. The presence of this Ir-Cl product is 
experimentally observed in the UV-Vis experiments and matches the product seen in previous 
NMR experiments. The indicated second order iridium dependence is unusual for 
hydrodehalogenation, where radical mechanisms are often favored. Additional evidence towards 
this second order dependence has been found in preliminary data from the Miller lab, where 
light-driven reactions in both acetonitrile and water also exhibit a second order iridium 
dependence, suggesting theses reactions start with the same first two steps (Equation 4.1 and 
Equation 4.2). Excited state bimetallic electron transfer may be applicable not only to this 
particular solvent and substrate, but may be applied to iridium excited state reactivity more 
broadly, in different solvents and promoting different reactivity. 
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IrIII-H+ + hv → IrIII-H+*      (Equation 4.1) 
IrIII-H+* + IrIII-H+ → IrIV-H2+ + IrII-H     (Equation 4.2) 
IrII-H + CH2Cl2 → IrII-Cl + CH3Cl     (Equation 4.3) 
IrIV-H2+ + IrII-Cl → IrIII-H+ + IrIII-Cl+     (Equation 4.4) 
IrIII-H+ + hv + CH2Cl2 → IrIII-Cl+ + CH3Cl    (Equation 4.5) 
 Quantum yields for individual reactions varied from 0.01 to 0.18 at higher photon flux 
and up to 0.63 at lower light intensities; indicating an efficient use of absorbed light, particularly 
at higher iridium concentrations. These quantum yields are high, but are not unprecedented in the 
literature.51, 52, 54, 55 It is important to mention the observed effect of light intensity on quantum 
yield and the slope of the log plots in Figure 4.4b; the quantum yield decreases with increasing 
photon flux. In preliminary data, the slope of the line in the log iridium concentration vs. log 
quantum yield plot also changed with varying photon flux. At lower light intensities, the slope 
approaches two. 
 
Figure 4.5. Changes in concentration of [1] vs. quantum yield of the reaction. Irradiated with 
443 nm LED at 10 mA current. 
 To further improve the quantum yield, we considered adding electrolyte to the reaction. If 
a bimolecular excited state electron transfer is involved in the mechanism, added electrolyte 
should be able to more effectively transport generated charges. To support this hypothesis, 
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tetrabutylammonium hexafluorophosphate, [TBA][PF6], was added to the reaction mixture to 
probe the effect of electrolyte on the observed reaction order under low light intensities. Adding 
0.1 M electrolyte solution, quantum yields and reaction rates both increased (Table 4.1). A 
reaction order of two was observed with electrolyte; notably the log iridium concentration vs. 
quantum yield plot exhibited a slope of 1 (Figure 4.6). Therefore, the overall reaction order was 
found to be two with respect to iridium even at lower light intensities upon addition of 
electrolyte. These results support rate determining electron transfer, as increased electrolyte is 
expected to promote more efficient electron transfer. 
Table 4.1. Effect of Electrolyte on Quantum Yield. 
[1] (mM) QY QY with TBA+ 
0.06 0.01 0.06 
0.17 0.08 0.22 
0.29 0.16 0.38 
0.55 0.64 0.49 
 
121 
 
Figure 4.6. Plot of quantum yield vs. [1] using 443 nm irradiation at 10 mA current with the 
addition of 0.1 M tetrabutylammonium electrolyte. 
From the mechanistic studies of stoichiometric reactivity of 1 and 2 to form 
chloromethane-d2 in CD2Cl2 described above, we next wanted to see if the proposed excited state 
electron transfer could be converted from a stoichiometric to a photocatalytic 
hydrodehalogenation of dichloromethane. Biphasic reactions were used to probe activity, with an 
aqueous formate layer and an organic dichloromethane layer (Figure 4.7). Starting from 
precursors 1-Cl or 2-Cl, formic acid can be used to generate the active hydride intermediate in 
water.54, 56-59 Once formed, the hydride complex migrates to the organic layer, where it is more 
soluble. The hydride will remain in the organic layer until the solution is irradiated; irradiation is 
performed only on the organic layer, as photolysis of the water layer produces significant 
amounts of H2 (and CO2) through photocatalytic dehydrogenation of formic acid.
52, 54 To prevent 
irradiation of the aqueous layer, the layer is kept in the dark using a foil mask.  
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Figure 4.7. Biphasic reaction setup consisting of an aqueous formate layer and an organic 
CD2Cl2 layer in an NMR tube. A foil mask is used to prevent photolysis of the aqueous layer. 
Hydride 1 quickly forms in the aqueous formate layer from precatalyst 1-Cl, then moves to the 
organic layer and is photolyzed to produce chloromethane and regenerate precatalyst 1-Cl. 
Conditions: 9.4 mM 1-Cl, 1.1 M NaCO2H, 296 K, 443 or 460 nm irradiation.  
To a 1.1 M formate solution in water, 9.4 mM precatalyst 1-Cl was added and stirred in 
the dark for 15 minutes. The initial yellow color changed quickly to golden-yellow, indicative of 
hydride formation. CD2Cl2 was added to the solution, transferred to an NMR tube, and the 
organic layer of the biphasic reaction was irradiated with either 443 nm or 460 nm light. After 2, 
5, and 12 hours of irradiation, illumination was stopped to evaluate catalytic performance 
relative to a mesitylene internal standard. After 2 hours of irradiation, greater than 1 TON of 
chloromethane was observed with 460 nm light; nearly 2 TON was observed using 443 nm light. 
After 12 hours of irradiation, TON exceeded 3 for both illumination setups. Notably, 
chloromethane is a gas and some product is expected in the headspace of the NMR tube. As 
additional support of greater than 3 TON, injection of the liquid sample into a GC gave similar 
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TON values, relative to a GC internal standard. Attempts to better quantify the amount of 
product in the headspace of the reaction is an area of future work.  
 Utilizing a biphasic reaction setup, 1 is capable of promoting photocatalytic 
hydrodehalogenation of dichloromethane (Scheme 4.4). Precatalyst 1-Cl forms the formato 
complex in aqueous formate, which undergoes β-hydride elimination to lose CO2 and form 
hydride 1. Ground state 1 is excited with visible light to form 1*. 1* reacts with a ground state 1 
to release CD2HCl and regenerate the 1-Cl precatalyst. This last step in the cycle is expected to 
contain multiple steps, as proposed in Equation 4.1 through Equation 4.5.  
Consistent with the proposed mechanism, growth of the chloromethane-d2 product is 
observed via NMR, and precatalyst 1-Cl is regenerated to complete the catalytic cycle.  
However, the system has yet to be optimized; turnover is relatively slow and catalytic 
performance is low. Hydride reactivity is fast, producing one equivalent of chloromethane 
quickly, but reformation of the hydride is slow; the solubility of 1-Cl is higher in CD2Cl2 than 
H2O. Allowing the biphasic reaction to rest overnight, 1-Cl can diffuse into the aqueous layer, 
and the hydride is completely reformed and can be irradiated for additional catalytic 
performance. Shaking the NMR tube via vortexer does result in slightly quicker hydride 
reformation, but performance is still limited by the hydride reformation step. 
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Scheme 4.4. Proposed mechanism of photochemical dichloromethane hydrodehalogenation. 
 
4.3 Conclusions 
 Mechanistic studies of Cp*Ir-based photochemical hydrodehalogenation catalysts have 
led to a better understanding of excited state reactivity. Kinetic evidence based upon the method 
of initial rates and quantum yields identified the mechanism to be second order in iridium, 
proposed to proceed through an excited state electron transfer from an excited hydride complex 
to a ground state complex. Generated hydride intermediates form the chloromethane product 
quickly while efficiently using absorbed light to achieve quantum yields exceeding 0.40. 
Biphasic experiments were utilized to test the photocatalytic hydrodehalogenation potential of 
the system. Turnovers greater than 3 were achieved, serving as a proof of concept for future 
catalytic reactions. The reactivity is achieved using mild reaction conditions using visible light 
irradiation to drive the hydrodehalogenation. Perhaps more importantly, the second order 
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dependence with respect to iridium may be applied more broadly to other solvents and additional 
reactions, proving a helpful insight into understanding Cp*Ir excited state reactivity and 
photoactivity. Future directions will focus on further understanding excited state reactivity, by 
identifying what properties and conditions lead to improvements in quantum yield, determining 
the lifetime of the species, and utilizing radical traps to rule out bimetallic radical mechanisms. 
Guided by these mechanistic findings, these results offer a promising outlook for light-driven 
hydrodehalogenation through net hydride transfer from transition metal hydride complexes. 
4.4 Experimental Section 
General Considerations. Manipulations were performed under the inert nitrogen 
atmosphere of a Schlenk line or a glovebox. CH2Cl2 was dried and degassed with argon using a 
Pure Process Technology solvent system. CD2Cl2 was purchased from Cambridge Isotope 
Laboratories, Inc. and degassed by three freeze-pump-thaw cycles before drying by passage 
through a small column packed with activated alumina. [Cp*Ir(Cl)2]2
60 and [Cp*Ir(bpy-
OMe)(Cl)][Cl]61 were synthesized following established procedures. All other materials were 
readily commercially available and were used as received.  
1H and 13C(1H) NMR spectra were recorded on 400, 500, 600 MHz spectrometers at 25 
ºC. Chemical shifts are reported with respect to residual proteo solvent.62 UV-Vis spectra were 
obtained with an Ocean Optics USB2000+ spectrometer with a DT-MINI-2GS 
deuterium/tungsten halogen light source controlled by OceanView software. Visible light 
photolysis was carried out using an EagleLight 460 nm (± 12 nm at half-max intensity) LED 
lamp (500 lumens at 15 W) or a ThorLabs multi-wavelength LED source containing 406 ± 10 
nm, 443 ± 9 nm, and 503 ± 13 nm LED lamps controlled by a ThorLabs LED driver for tunable 
power density. Photon flux measurements were determined using the ubiquitous potassium 
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ferrioxalate chemical actinometer. The quantum yield of the reaction was determined based on 
the disappearance of the hydride divided by the moles of absorbed photons after irradiation. 
Chloromethane detection via GC was performed using either a Varian 450-GC with a 
pulsed discharge helium ionizer detector or an Agilent 6850 GC with a flame ionization detector. 
For the Varian 450-GC, a 1.0 mL Vici Pressure-Lok Precision Analytical gas-tight syringe was 
used to sample the headspace of the reaction vials by puncturing the septum cap. For the Agilent 
6850 GC, a 10 µL gas tight syringe was used to sample either the headspace or solution of the 
reaction vial by puncturing the septum cap. A known amount of internal standard was injected to 
determine the amount of chloromethane detected.  
Synthetic Procedures.  
Synthesis of [Cp*Ir(bpy-OMe)(H2O)][OTf]2. 
Using a modified procedure,59 73.5 mg (0.340 mmol) 4,4’-methoxy 2,2’-bipyridine was 
added to a stirring suspension containing 130.6 mg (0.164 mmol) [Cp*Ir(Cl)2]2 in 10 mL HPLC 
grade water. The 20 mL scintillation vial was heated to 40oC to increase solubility. The solution 
slowly turned yellow and was heated overnight. The vial was allowed to cool, any remaining 
unreacted solids were removed via a frit packed with Celite. To the yellow solution, 168.6 mg 
(0.656 mmol) AgOTF were added. A white precipitate formed immediately and the suspension 
was stirred for 15 minutes. The AgCl solids were removed via a second frit packed with Celite. 
The yellow solution was again stirred for 15 minutes, allowing additional AgCl to precipitate. 
The solids were removed via filtration and yellow product was dried in vacuo to afford pure 
product (212.4 mg, 75% yield). 1H NMR (D2O): δ 8.85 (d, J = 6.6 Hz, 2H), 7.94 (d, J = 2.7 Hz, 
2H), 7.37 (dd, J = 6.6, 2.7 Hz, 2H), 4.08 (s, 6H), 1.64 (s, 15H).  
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Synthesis of [Cp*Ir(bpy-OMe)(H)][OTf]. 
Using a modified procedure,51 addition of 10 mL of 3 M formic acid at pH 5 to 212.4 mg 
(0.247 mmol) [Cp*Ir(bpy-OMe)(H2O)][OTf]2 in a 20 mL scintillation vial produced a dark 
brown solution that was protected from light and stirred for 4 h. After the first 2 hours, the 
reaction vessel cap was vented to release any CO2 generated during the reaction. The cap was 
then replaced and the solution was stirred for an additional 2 hours. The product was extracted 
with 3 x 3 mL CH2Cl2. The extract was then washed with 3 x 3 mL aqueous LiOTf solution 
(147.2 mg, 0.944 mmol, in 10 mL water). The product was next washed with 3 x 3 mL of water. 
The final water wash was extracted with CH2Cl2 to recover any product lost to the aqueous layer. 
The yellow product was dried in vacuo to afford pure 1 (119.8 mg, 70% yield). 1H NMR 
(DMSO-d6): δ 8.65 (d, J = 6.6 Hz, 2H), 8.34 (d, J = 2.9 Hz, 2H), 7.32 (dd, J = 6.6, 2.8 Hz, 2H), 
4.05 (s, 6H), 1.79 (s, 15H), –11.26 (s, 1H).     
Synthesis of [Cp*Ir(bpy-OMe)(D)][PF6]. 
A 20 mL scintillation vial was charged with 4.8 mg (7.81 µmol) [Cp*Ir(bpy-
OMe)(Cl)][Cl], 3.7 mg (88.4 µmol) NaBD4 (98% D), and 0.5 mL D2O. The suspension was 
stirred for a few minutes and 3.7 mg (22.0 µmol) NaPF6 was added to the vial. Solids were 
collected via a pipette filtration and were dissolved in CD3CN for characterization. 
1H NMR 
(CD3CN): δ 8.60 (d, J = 6.4 Hz, 2H), 7.86 (d, J = 2.9 Hz, 2H), 7.15 (dd, J = 6.5, 2.8 Hz, 2H), 
4.04 (s, 6H), 1.80 (s, 15H). 31P NMR (CD3CN): δ -143.21 (m) from PF6 counterion. Note: no 11B 
peak was noted, indicating the complete removal of the BD4 counterion.  
Kinetics: Method of Initial Rates 
 Reactions were carried out in a 4-sided quartz cuvette and prepared in a glovebox. A 
representative method of initial rates procedure is included for completeness. In a typical 
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reaction, a stock solution of [Cp*Ir(bpy-OMe)(H)][OTf] was prepared by dissolving 4.0 mg 
(5.77 µmol) in a 1 mL volumetric flask. From this 5.77 mM stock solution, four samples were 
prepared; a 0.55 mM solution was prepared by adding 190 µL of the stock solution via syringe to 
a 2 mL volumetric flask, a 0.29 mM solution was prepared by adding 100 µL of the stock 
solution, a 0.17 mM solution was prepared by adding 60 µL of the stock solution, and a 0.06 mM 
solution was prepared by adding 20 µL of the stock solution. The samples were prepared 
immediately prior to photolysis and UV-Vis characterization. After an initial absorbance 
spectrum was recorded, the sample in the cuvette was irradiated with a 443 nm LED using the 
ThorLabs LED source and the LED driver was used to control current (and therefore the photon 
flux) of the lamp to ensure appropriate reaction times. The driver was set to 10 mA and the 
sample was irradiated at 0.25, 0.50, 0.75, 1.00, 1.5, 2.0, 2.5, 3.0, 3.5, 4.0 minutes with the 
absorbance recorded after each period of irradiation. The initial rates were obtained for the first 
10% conversion of the reaction, disappearance of the hydride observed at 423 nm, the λmax. 
Initial rates were recorded, and a log-log plot of iridium concentration vs. initial rates was 
created to show the reaction order in iridium. The experimental order in iridium was found to 
vary from 1.5-2.4, indicating a correction for absorbance was needed.  
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Figure 4.8. Photon flux measurements for the 443 nm ThorLabs LED lamp at varied current using 
the potassium ferrioxalate chemical actinometer. 
 
 This correction for absorbance was made possible by determining the quantum yield of 
the experiment. The absorbance correction is achieved by calculating the moles of photons 
absorbed by each sample (which includes an iridium concentration term). A potassium 
ferrioxalate chemical actinometer63-67 was used to determine the photon flux of the light at the 
selected current. Combining the photon flux and absorbance of each sample, the quantum yield 
of each experiment was determined (Equation 4.6), with typical values ranging from 0.01 – 0.64. 
Taking a log-log plot of iridium concentration vs. quantum yield determines the reaction order 
beyond one (therefore, a slope of one suggests a second order reaction).  
QY = 
initial rate (
mol
min
)
[% of irradiated light absorbed][photon flux (
mol photons
min
)]
  (Equation 4.6) 
 
Catalytic Hydrodehalogenation: Biphasic NMR Experiments 
 General Procedure. Catalytic reactions with dichloromethane were carried out on the 
NMR scale using a biphasic reaction mixture of CD2Cl2 and H2O. Reaction mixtures in NMR 
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tubes were prepared in a nitrogen-filled glovebox as described in specific cases below, and the 
tubes were sealed and wrapped with parafilm. Experiments that were also probed via GC for 
catalytic chloromethane production were sealed with an NMR septum cap. After the initial NMR 
spectra were taken, one (light) sample was irradiated with the 460 nm LED for the desired time. 
The other (dark) tube was protected from light. The given reaction times for light samples are the 
time under active irradiation (time protected from light, where no background reaction was 
observed, is not counted); for dark samples, it is the total reaction time from initial reactant 
mixing. The reaction was monitored by NMR spectroscopy periodically. Product yields were 
determined from NMR integrations relative to a mesitylene or dioxane internal standard and are 
based upon the amount of iridium starting material present at the beginning of the reaction. The 
yields of chloromethane were established in representative examples as described below.   
Catalytic Reaction of 1 or 2 with CH2Cl2: A 20 mL scintillation vial was charged with 
11.5 mg (0.019 mmol) [Cp*Ir(bpy-OMe)(Cl)][Cl] and 1.0 mL H2O. A stir bar and 75.4 mg 
(1.109 mmol) NaO2CH was added to the vial and the solution was stirred in the dark for 15 min. 
An immediate color change of yellow to golden yellow was observed. In a second 20 mL 
scintillation vial, 2 mL CD2Cl2 and 40 µL (0.023 mmol) of a 0.58 M mesitylene stock solution 
were added. The aqueous solution was divided equally between two NMR tubes. The organic 
solution was then added, divided equally between the two NMR tubes. The tubes were inverted 
to place CD2Cl2 layer at the bottom of the tubes. After taking the initial spectra (no irradiation), 
one tube was irradiated with the 460 nm LED lamp, while the second tube was irradiated with 
the 443 nm LED at full power. The tubes were irradiated for 2, 5, and 12 h. NMR spectra were 
taken for each tube after each irradiation time. Determination of TON was made by integration 
of the mesitylene internal standard and the pentet product, CD2HCl., at 2.99 ppm.  
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Figure 4.9. 1H NMR spectrum of [Cp*Ir(bpy-OMe)(H)][OTf] in a biphasic setup with CD2Cl2 and 
H2O after irradiation with 460 nm LED. CD2HCl peak growth is observed after 2, 5, and 12 hours 
of irradiation. Spectra normalized to mesitylene internal standard.  
 
To further support this determined TON, GC studies were also performed. A known 
amount of chloromethane was first injected into the instrument to record the retention time and 
instrument response. The NMR tube was sampled via a gas-tight syringe and the sample was 
injected into the GC. Comparison against the prior, known chloromethane sample provided the 
determination of TON by GC. 
4.5 Acknowledgements 
S.M.B. performed all experiments. We gratefully acknowledge funding from The 
University of North Carolina at Chapel Hill and a NSF Graduate Research Fellowship to S.M.B. 
(DGE-1144081). This research made use of instrumentation funded by the UNC EFRC: Center 
for Solar Fuels, and Energy Frontier Research Center supported by the U.S. Department of 
Energy, Office of Science, Office of Basic Energy Sciences, under award number DE-
SC0001011. 
4.6 Associated Content 
Appendix C: Additional experimental details, NMR spectra. 
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APPENDIX A. PHOTOSWITCHABLE HYDRIDE TRANSFER FROM IRIDIUM TO 1-
METHYLNICOTINAMIDE BY THERMOCHEMICAL CYCLES 
 
 
Figure A.1. 1H NMR spectrum of [Cp*Ir(bpy)(H)][OTf] (1) in CD3CN. 
 
Figure A.2. 1H NMR spectrum of [Cp*Ir(bpy)(NCCH3)][PF6] (2) in CD3CN. 
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Figure A.3. 13C(1H) NMR spectrum of [Cp*Ir(bpy)(NCCH3)][PF6] (2) in CD3CN. 
 
 
Figure A.4. 1H NMR spectrum of [Cp*Ir(bpy)(OAc)][OAc] (3) in CD3CN.  
 
138 
 
Figure A.5. 13C(1H) NMR spectrum of [Cp*Ir(bpy)(OAc)][OAc] (3) in CD3CN. 
 
 
Figure A.6. 1H NMR spectrum of 4-OTf in CD3CN containing mesitylene internal standard (δ 
6.90, 2.26). 
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Figure A.7. 1H NMR spectrum of [Cp*Ir(bpy)(µ-N(H)C(CH3))(bpy)IrCp*][PF6]3 (4-PF6) in 
CD3CN. 
 
Figure A.8. 13C(1H) NMR spectrum of [Cp*Ir(bpy)(µ-N(H)C(CH3))(bpy)IrCp*][PF6]3 (4-PF6) 
in CD3CN. 
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Figure A.9. IR spectrum of [Cp*Ir(bpy)(µ-N(H)C(CH3))(bpy)IrCp*][PF6]3 (4-PF6). P-F stretch 
dominates the spectrum (826 and 555 cm-1). C=N = 1536 cm-1.  
  
 
 
Figure A.10. UV-Vis spectra monitoring addition of DBU to 1 in CH3CN.  
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Figure A.11. Plot of ([Ir]t/[IrH]t)*[HDBU]t  vs [DBU]t generated from data points at 620 nm.  
   
Figure A.12. 1H NMR spectrum of methanesulfonic acid and 1 in CD3CN after 1 h in the dark. 
The Cp* peak for 1 (δ 1.83) is notably absent, while the Cp* peak for the product (2) is seen (δ 
1.67). Mesitylene (δ 6.80, 2.24), excess methanesulfonic acid (δ 8.01, 2.93), and hydrogen (δ 
4.57) are also observed. 
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Figure A.13. 1H NMR spectra of pyridinium and 1 in CD3CN after 1 h in the dark (black) and 
after 1 h of irradiation (blue). The Cp* peak for 1 (δ 1.83) is notably absent after irradiation, 
while the Cp* peak for the product is seen (δ 1.55). Mesitylene (δ 6.79, 2.23), excess pyridinium 
(δ 8.77, 8.43, 7.91), and dihydrogen (δ 4.57) are also observed. 
 
Figure A.14. 1H NMR spectra of pyridinium and 1 in CD3CN after ~10 min in the dark (black) 
and after heating at 80 ºC for 3 h in the dark (blue). Inset: 1H NMR spectra (Cp* region).  
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Figure A.15. 1H NMR spectra of triethylammonium and 1 in CD3CN after 10 min in the dark 
(black) and after 10 min of irradiation (blue). The Cp* peak for 1 (δ 1.83) is nearly absent, while 
the Cp* peak for the product (2) is seen (δ 1.68). Mesitylene (δ 6.79, 2.24), excess 
triethylammonium (δ 3.10, 1.23), and dihydrogen (δ 4.57) are also observed.  
 
Figure A.16. 1H NMR spectra of acetic acid and 1 in CD3CN after 10 min in the dark (black) 
and after 10 min of irradiation (blue). The Cp* peak for 1 (δ 1.83) is nearly absent, while the Cp* 
peak for the product (3) is seen (δ 1.62). Mesitylene (δ 6.80, 2.24), excess acetic acid (δ 1.96), 
and dihydrogen (δ 4.57) are also observed.  
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Figure A.17. 1H NMR spectrum of 1 and [MNA][BF4] (1:1.7) in CD3CN after 1 h in the dark 
(black) and after 1 h of irradiation (blue). Inset: the Cp* peak for 1 (δ 1.83) is absent, while the 
Cp* peaks for the products [Cp*Ir(bpy)(MNA)]2+ (δ 1.69) and 4-OTf (δ 1.41, 1.39) are 
observed. The methyl peak for [Cp*Ir(bpy)(MNA)]2+ is also seen (δ 4.18). Products MNA-H, 
MNA-H', and MNA-H3 are labeled above as H, H', and H3, respectively. 
 
Figure A.18. 1H NMR spectrum of 1 and [MNA][I] (1:1.5) in CD3CN after 1 h in the dark 
(black) and after 3 min of irradiation (blue). Inset: the Cp* peak for 1 (δ 1.83) is significantly 
diminished, while the Cp* peak for the product [Cp*Ir(bpy)(I)]+ (δ 1.74), is observed. N-methyl 
group of products MNA-H, MNA-H', and MNA-H3 are labeled above as H, H', and H3. 
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Figure A.19. 1H NMR spectrum of 1 and [MNA][I] (1:1.5) in CD3CN after 0, 3, 10, 20, and 60 
min of irradiation. N-methyl group of products MNA-H, MNA-H', and MNA-H3 are labeled 
above as H, H', and H3, respectively. 
 
  
Figure A.20. Left: concentration of MNA-containing species as a function of photolysis time. 
Right: concentration of Ir-containing products as a function of photolysis time. 
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Table A.1. Visible light-promoted hydride transfer from [Cp*Ir(bpy)(H)]+ to MNA+ (1:1.5).a 
 
 
 
 
 
 
 
 
 
 
 
 
 
Time 
(min) 
Yield of  
MNA-H (%) 
Yield of  
MNA-H' (%) 
Yield of 
MNA-H3 
(%)b 
Yield of Ir-
MNA (%) 
Yield of 
Ir-I (%) 
Dark Light Dark Light Dark Light Dark Light Dark Light 
0 - 0 - 0 - 0 - 0 - 9 
3 - 37 - 3 - 7 - 0 - 64 
10 0 37 0 7 0 10 0 3 9 80 
20 0 33 0 3 0 13 0 3 11 79 
60 3 23 3 3 0 13 0 7 10 76 
360 17 7 7 3 0 20 0 10 42 62 
aYields determined by 1H NMR and calculated relative to limiting reagent. Remainder of MNA species is MNA+ starting 
material. bMaximum yield is 50%. 
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Figure A.21. 1H NMR spectrum of 1 and [MNA][I] (1:4.4) in CD3CN after 0, 10, 20, and 60 min 
of irradiation. N-methyl groups of products MNA-H, MNA-H', and MNA-H3 are labeled above 
as H, H', and H3, respectively. 
 
 
Figure A.22. Left: concentration of MNA-containing species as a function of photolysis time. 
Right: concentration of Ir-containing products as a function of photolysis time. 
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Table A.2. Visible light-promoted hydride transfer from [Cp*Ir(bpy)(H)]+ to MNA+ (1:4.4).a 
 
 
 
 
Time 
(min) 
Yield of  
MNA-H (%) 
Yield of  
MNA-H' (%) 
Yield of 
MNA-H3 (%)
b 
Yield of Ir-
MNA (%) 
Yield of Ir-
I (%) 
Dark Light Dark Light Dark Light Dark Light Dark Light 
0 - 0 - 0 - 0 - 0 - 23 
10 0 52 0 7 0 3 0 3 18 73 
20 0 59 0 10 0 7 0 3 19 74 
60 0 48 0 7 0 7 0 5 21 71 
aYields determined by 1H NMR and calculated relative to limiting reagent. Remainder of MNA species is MNA+ starting material. 
bMaximum yield is 50%. 
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Figure A.23. 1H NMR spectrum of 1 and [MNA][I] (4.0:1) in CD3CN after 0, 10, 20, and 60 min 
of irradiation. N-methyl groups of products MNA-H, MNA-H', and MNA-H3 are labeled as H, H', 
and H3, respectively.  
 
 
Figure A.24. Left: concentration of MNA-containing species as a function of photolysis time. 
Right: concentration of Ir-containing products as a function of photolysis time. 
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Table A.3. Visible light-promoted hydride transfer from [Cp*Ir(bpy)(H)]+ to MNA+ (4.0:1).a 
 
 
Time 
(min) 
Yield of  
MNA-H (%) 
Yield of  
MNA-H' (%) 
Yield of 
MNA-H3 (%) 
Yield of Ir-
MNA (%) 
Yield of Ir-I 
(%) 
Dark Light Dark Light Dark Light Dark Light Dark Light 
0 - 10 - 5 - 0 - 0 - 53 
10 8 18 5 3 0 13 0 13 47 113 
20 13 8 8 3 0 15 0 36 51 98 
60 21 0 13 0 0 21 0 67 56 82 
aYields determined by 1H NMR and calculated relative to limiting reagent. Remainder of MNA species is MNA+ starting 
material. 
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Figure A.25. GC trace of 0.15 mL injected headspace from NMR tube of 1 and HOAc following 
20 min irradiation time. From the H2 calibration curve and integral of the H2 peak, H2 yield was 
calculated to be 74%. 
Table A.4. Quantum yield for visible light-promoted hydride transfer reactions from 
[Cp*Ir(bpy)(H)]+ to MNA+.a 
  
 
[1]:[MNA+] 
Time 
(min) 
Φ 
MNA-H 
Φ 
MNA-H' 
Φ 
MNA-H3 
Φ  
Total Reduced 
MNA 
1:1.5 10 0.169 0.031 0.046 0.246 
1:4.4 10 0.049 0.007 0.003 0.059 
4.0:1 10 0.023 0.003 0.016 0.043 
aΦ determined from moles of product (from 1H NMR relative to mesitylene internal 
standard) and photon flux after 10 min of irradiation (obtained from chemical 
actinometry). 
 
152 
 
Figure A.26. Structural representation of 4 (ellipsoids at 50% probability) with a H-bonding 
interaction between N1−N6 (3.201 Å) from CH3CN solvent. Three PF6 ions, one CH3CN 
molecule, and H atoms omitted for clarity. 
 
Table A.5. Crystal Data and structure refinement for 4-PF6 [sb106_c].  
Identification code  sb106_c  
Empirical formula  C46H56N7F18P3Ir2  
Formula weight  1526.28  
Temperature/K  100.15  
Crystal system  orthorhombic  
Space group  Pna21  
a/Å  25.1101(3)  
b/Å  11.0118(2)  
c/Å  19.22650(10)  
α/°  90  
β/°  90  
γ/°  90  
Volume/Å3  5316.27(12)  
Z  4  
ρcalcg/cm3  1.907  
μ/mm-1  11.345  
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F(000)  2968.0  
Crystal size/mm3  0.266 × 0.091 × 0.087  
Radiation  CuKα (λ = 1.54178)  
2Θ range for data collection/°  7.04 to 140.234  
Index ranges  -24 ≤ h ≤ 29, -13 ≤ k ≤ 13, -23 ≤ l ≤ 23  
Reflections collected  58370  
Independent reflections  9803 [Rint = 0.0560, Rsigma = 0.0394]  
Data/restraints/parameters  9803/760/699  
Goodness-of-fit on F2  1.046  
Final R indexes [I>=2σ (I)]  R1 = 0.0401, wR2 = 0.0942  
Final R indexes [all data]  R1 = 0.0441, wR2 = 0.0967  
Largest diff. peak/hole / e Å-3  1.96/-1.07  
Flack parameter 0.37(2) 
  
Table A.6. Bond Lengths for 4-PF6 [sb106_c]. 
Atom Atom Length/Å   Atom Atom Length/Å 
Ir1 N1 2.149(10)   C19 C21 1.41(2) 
Ir1 N2 2.103(13)   C21 C22 1.47(2) 
Ir1 N3 2.087(12)   C23 C24 1.38(3) 
Ir1 C13 2.203(15)   C24 C25 1.38(3) 
Ir1 C15 2.210(15)   C25 C26 1.39(3) 
Ir1 C17 2.166(14)   C26 C27 1.38(2) 
Ir1 C19 2.199(15)   C27 C28 1.50(2) 
Ir1 C21 2.180(15)   C28 C29 1.43(2) 
Ir2 N4 2.071(14)   C29 C30 1.34(3) 
Ir2 N5 2.104(12)   C30 C31 1.36(3) 
Ir2 C1 2.126(12)   C31 C32 1.39(2) 
Ir2 C33 2.194(15)   C33 C34 1.53(2) 
Ir2 C35 2.187(14)   C33 C35 1.37(2) 
Ir2 C37 2.183(14)   C33 C41 1.34(2) 
Ir2 C39 2.205(14)   C35 C36 1.48(2) 
Ir2 C41 2.183(14)   C35 C37 1.46(2) 
N1 C1 1.245(17)   C37 C38 1.50(2) 
N2 C3 1.33(2)   C37 C39 1.35(2) 
N2 C7 1.31(2)   C39 C40 1.46(2) 
N3 C8 1.410(19)   C39 C41 1.48(2) 
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N3 C12 1.38(2)   C41 C42 1.60(2) 
N4 C23 1.34(2)   P3 F13 1.474(15) 
N4 C27 1.40(2)   P3 F14 1.583(15) 
N5 C28 1.28(2)   P3 F15 1.708(13) 
N5 C32 1.304(19)   P3 F16 1.584(13) 
C1 C2 1.503(18)   P3 F17 1.590(12) 
C3 C4 1.40(2)   P3 F18 1.639(14) 
C4 C5 1.37(3)   P1 F1 1.615(12) 
C5 C6 1.39(3)   P1 F2 1.586(10) 
C6 C7 1.41(2)   P1 F3 1.587(6) 
C7 C8 1.41(2)   P1 F4 1.597(13) 
C8 C9 1.38(2)   P1 F5 1.589(13) 
C9 C10 1.39(3)   P1 F6 1.599(6) 
C10 C11 1.40(3)   P2 F7 1.617(14) 
C11 C12 1.36(2)   P2 F8 1.486(15) 
C13 C14 1.50(2)   P2 F9 1.506(17) 
C13 C15 1.45(2)   P2 F10 1.472(14) 
C13 C21 1.54(2)   P2 F11 1.474(15) 
C15 C16 1.45(2)   P2 F12 1.714(18) 
C15 C17 1.44(2)   N6 C43 1.133(13) 
C17 C18 1.55(2)   C43 C44 1.466(14) 
C17 C19 1.48(2)   N7 C45 1.135(13) 
C19 C20 1.50(2)   C45 C46 1.468(16) 
 
Table A.7. Bond Angles for 4-PF6 [sb106_c]. 
Atom Atom Atom Angle/˚   Atom Atom Atom Angle/˚ 
N1 Ir1 C13 144.2(6)   C19 C17 C18 119.8(14) 
N1 Ir1 C15 160.9(5)   C17 C19 Ir1 68.9(8) 
N1 Ir1 C17 122.7(5)   C17 C19 C20 127.4(15) 
N1 Ir1 C19 97.4(5)   C20 C19 Ir1 128.2(12) 
N1 Ir1 C21 106.0(6)   C21 C19 Ir1 70.4(9) 
N2 Ir1 N1 76.5(5)   C21 C19 C17 108.0(13) 
N2 Ir1 C13 97.5(6)   C21 C19 C20 124.5(15) 
N2 Ir1 C15 122.2(5)   C13 C21 Ir1 70.3(8) 
N2 Ir1 C17 160.0(5)   C19 C21 Ir1 71.9(9) 
N2 Ir1 C19 141.1(6)   C19 C21 C13 106.6(13) 
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N2 Ir1 C21 106.3(6)   C19 C21 C22 126.6(16) 
N3 Ir1 N1 91.1(5)   C22 C21 Ir1 132.6(12) 
N3 Ir1 N2 76.3(5)   C22 C21 C13 125.5(15) 
N3 Ir1 C13 122.3(6)   N4 C23 C24 122.1(18) 
N3 Ir1 C15 97.1(6)   C23 C24 C25 120.3(18) 
N3 Ir1 C17 106.5(5)   C24 C25 C26 118.5(18) 
N3 Ir1 C19 142.6(6)   C27 C26 C25 119.9(18) 
N3 Ir1 C21 162.9(6)   N4 C27 C28 111.7(14) 
C13 Ir1 C15 38.4(5)   C26 C27 N4 121.0(16) 
C17 Ir1 C13 63.9(6)   C26 C27 C28 127.3(16) 
C17 Ir1 C15 38.3(6)   N5 C28 C27 116.2(14) 
C17 Ir1 C19 39.7(6)   N5 C28 C29 123.1(16) 
C17 Ir1 C21 65.3(5)   C29 C28 C27 120.6(16) 
C19 Ir1 C13 65.0(6)   C30 C29 C28 117.5(19) 
C19 Ir1 C15 65.9(6)   C29 C30 C31 119.9(17) 
C21 Ir1 C13 41.0(6)   C30 C31 C32 116.9(19) 
C21 Ir1 C15 67.0(6)   N5 C32 C31 124.5(16) 
C21 Ir1 C19 37.7(6)   C34 C33 Ir2 125.2(12) 
N4 Ir2 N5 76.6(5)   C35 C33 Ir2 71.5(9) 
N4 Ir2 C1 96.8(5)   C35 C33 C34 127.2(15) 
N4 Ir2 C33 98.7(6)   C41 C33 Ir2 71.7(8) 
N4 Ir2 C35 105.7(6)   C41 C33 C34 123.0(15) 
N4 Ir2 C37 141.9(6)   C41 C33 C35 109.7(15) 
N4 Ir2 C39 161.4(6)   C33 C35 Ir2 72.1(9) 
N4 Ir2 C41 122.6(6)   C33 C35 C36 128.6(16) 
N5 Ir2 C1 78.4(5)   C33 C35 C37 105.4(14) 
N5 Ir2 C33 125.7(6)   C36 C35 Ir2 129.8(11) 
N5 Ir2 C35 161.9(5)   C37 C35 Ir2 70.4(8) 
N5 Ir2 C37 141.5(6)   C37 C35 C36 125.2(15) 
N5 Ir2 C39 108.6(6)   C35 C37 Ir2 70.7(8) 
N5 Ir2 C41 102.4(6)   C35 C37 C38 125.0(16) 
C1 Ir2 C33 153.9(6)   C38 C37 Ir2 126.2(11) 
C1 Ir2 C35 118.6(6)   C39 C37 Ir2 72.9(9) 
C1 Ir2 C37 93.3(5)   C39 C37 C35 111.4(14) 
C1 Ir2 C39 101.7(5)   C39 C37 C38 123.5(17) 
C1 Ir2 C41 139.9(6)   C37 C39 Ir2 71.2(9) 
C33 Ir2 C39 63.5(6)   C37 C39 C40 132.8(16) 
C35 Ir2 C33 36.4(6)   C37 C39 C41 102.9(14) 
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C35 Ir2 C39 63.8(6)   C40 C39 Ir2 133.3(12) 
C37 Ir2 C33 61.8(6)   C40 C39 C41 122.6(16) 
C37 Ir2 C35 38.9(6)   C41 C39 Ir2 69.5(8) 
C37 Ir2 C39 35.9(6)   C33 C41 Ir2 72.7(9) 
C37 Ir2 C41 60.9(6)   C33 C41 C39 110.5(15) 
C41 Ir2 C33 35.6(6)   C33 C41 C42 126.8(16) 
C41 Ir2 C35 60.9(6)   C39 C41 Ir2 71.1(8) 
C41 Ir2 C39 39.3(6)   C39 C41 C42 122.7(16) 
C1 N1 Ir1 131.8(10)   C42 C41 Ir2 122.3(11) 
C3 N2 Ir1 123.8(11)   F13 P3 F14 92.4(10) 
C7 N2 Ir1 116.3(11)   F13 P3 F15 84.0(9) 
C7 N2 C3 119.9(14)   F13 P3 F16 166.5(9) 
C8 N3 Ir1 115.4(10)   F13 P3 F17 90.5(10) 
C12 N3 Ir1 124.8(10)   F13 P3 F18 109.3(10) 
C12 N3 C8 119.8(13)   F14 P3 F15 84.4(8) 
C23 N4 Ir2 125.0(12)   F14 P3 F16 87.8(9) 
C23 N4 C27 118.0(15)   F14 P3 F17 172.2(10) 
C27 N4 Ir2 117.0(11)   F14 P3 F18 93.8(9) 
C28 N5 Ir2 118.3(11)   F16 P3 F15 82.6(7) 
C28 N5 C32 117.3(13)   F16 P3 F17 87.8(8) 
C32 N5 Ir2 124.3(11)   F16 P3 F18 84.2(8) 
N1 C1 Ir2 119.7(10)   F17 P3 F15 88.7(7) 
N1 C1 C2 110.4(13)   F17 P3 F18 92.1(8) 
C2 C1 Ir2 129.5(12)   F18 P3 F15 166.7(9) 
C1 C2 N1 31.1(6)   F2 P1 F1 89.2(4) 
N2 C3 C4 123.9(17)   F2 P1 F3 89.6(6) 
C5 C4 C3 116.2(19)   F2 P1 F4 89.4(7) 
C4 C5 C6 120.6(16)   F2 P1 F5 179.3(6) 
C5 C6 C7 118.4(16)   F2 P1 F6 90.1(7) 
N2 C7 C6 120.9(16)   F3 P1 F1 89.7(6) 
N2 C7 C8 118.4(15)   F3 P1 F4 90.5(6) 
C6 C7 C8 120.6(16)   F3 P1 F5 89.7(7) 
N3 C8 C7 113.0(14)   F3 P1 F6 179.3(5) 
C9 C8 N3 119.0(16)   F4 P1 F1 178.6(7) 
C9 C8 C7 127.8(17)   F4 P1 F6 90.2(7) 
C8 C9 C10 121.6(18)   F5 P1 F1 90.9(8) 
C9 C10 C11 117.4(16)   F5 P1 F4 90.5(4) 
C12 C11 C10 122.3(17)   F5 P1 F6 90.6(7) 
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C11 C12 N3 119.6(16)   F6 P1 F1 89.6(7) 
C14 C13 Ir1 126.5(12)   F7 P2 F12 83.1(9) 
C14 C13 C21 123.0(14)   F8 P2 F7 92.4(10) 
C15 C13 Ir1 71.1(8)   F8 P2 F9 97.4(12) 
C15 C13 C14 128.6(14)   F8 P2 F12 90.6(11) 
C15 C13 C21 108.4(13)   F9 P2 F7 87.4(9) 
C21 C13 Ir1 68.7(8)   F9 P2 F12 167.8(10) 
C13 C15 Ir1 70.5(8)   F10 P2 F7 161.9(11) 
C16 C15 Ir1 129.2(12)   F10 P2 F8 90.7(10) 
C16 C15 C13 126.0(15)   F10 P2 F9 109.9(12) 
C17 C15 Ir1 69.2(8)   F10 P2 F11 94.1(9) 
C17 C15 C13 106.4(13)   F10 P2 F12 79.0(11) 
C17 C15 C16 127.4(15)   F11 P2 F7 78.8(9) 
C15 C17 Ir1 72.5(8)   F11 P2 F8 165.4(13) 
C15 C17 C18 129.2(15)   F11 P2 F9 93.9(9) 
C15 C17 C19 110.5(13)   F11 P2 F12 76.9(9) 
C18 C17 Ir1 129.6(11)   N6 C43 C44 177(2) 
C19 C17 Ir1 71.4(8)   N7 C45 C46 179(2) 
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APPENDIX B. PHOTOCHEMICAL FORMIC ACID DEHYDROGENATION BY 
IRIDIUM COMPLEXS: UNDERSTANDING MECHANISM AND OVERCOMING 
DEACTIVATION 
 
 
Figure B.1. Experimental set-up for gas-volume measurements using the inverted-burette style 
eudiometer. The reaction vial (right) is irradiated while evolved gases are collected in the 
eudiometer (left) using the PTFE tubing. 
  
Figure B.2. Pressure vessel containing 20 mL of 1 M formate solution with 1-OMe. Pressure 
gauge for this particular sample reads 37 psig (60 psig max) after irradiation. 
159 
 
Figure B.3. Standard curve for H2 on the Varian 450-GC. 
 
Figure B.4. Standard curve for CO2 on the Varian 450-GC. 
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Figure B.5. Chromatogram showing evolved H2 (0.6 min) and evolved CO2 (7.1 min) for a sample 
after irradiation (O2 and N2 shown at 1.4 and 1.5 min, respectively). Conditions: 0.36 mM 1, 1.0 
M formate, pH 10.5. This sample was calculated to be 96.1% H2. 
 
Figure B.6. Gas volume measured from the eudiometer over 2 h irradiation with precatalyst 1-
OMe (empty squares), no-precatalyst control (empty triangles), and [Cp*Ir(OH2)3]
2+ (empty 
circles). 
 
CO2 
H2 
O2 
N2 
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Figure B.7. H2 content of evolved gas as a function of pH for 1 and 1-OMe under a wide variety 
of reaction conditions. a) 1 (filled circles) and 1-OMe (empty squares) with error bars. For small 
data sets, error bars were assigned based upon the average deviation for all data sets. b) 1 and 1-
OMe both displayed as filled circles. Conditions: 0.18 – 1.50 mM 1 or 1-OMe, 0.5 – 4 M NaCO2H 
(aq), room temperature, 0 – 36 mM phosphate, 0 – 4 mM free ligand.  
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Figure B.8. Gas volume measured from the eudiometer after 2 h irradiation with precatalyst 1 
(filled circles) and no-precatalyst control (empty circles). 
 
 
Figure B.9. Gas volume measured from the eudiometer after 2 h irradiation with precatalyst 1-
OMe. 
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Figure B.10. Gas volume measured from the eudiometer after 2 h irradiation with varying 
concentrations of precatalyst 1. 
 
Figure B.11. Gas volume measured from the eudiometer after 2 h irradiation with varying 
concentrations of precatalyst 1-OMe. 
 
. 
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Figure B.12. In situ hydride formation monitored via UV-Vis in the dark starting from precatalyst 
1-OMe in 1 M formate. 
 
 
Figure B.13. In situ hydride formation monitored via UV-Vis in the dark starting from precatalyst 
1-OMe in 1 M formate, followed by 460 nm irradiation. 
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Figure B.14. Gas evolution traces over 2 h starting from precatalyst 1-OMe in 1 M HCO2H/H2O 
and DCO2D/D2O with 460 nm irradiation. 
 
 
 
Figure B.15. Gas evolution traces over 2 h starting from precatalyst 1-OMe in 1 M HCO2H/H2O 
and DCO2D/D2O with 460 nm irradiation. 
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Figure B.16. Gas evolution traces over 2 h starting from precatalyst 1-OMe in 1 M DCO2D/H2O 
and HCO2H/D2O with 460 nm irradiation. 
 
 
 
Figure B.17. Spectral overlap between [Cp*Ir(bpy-OMe)(H)]+ (2-OMe) and 406, 443, 460, and 
503 nm LED sources.  
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Figure B.18. TOF values from pressure vessel experiments with 1-OMe under 2 h irradiation 
using 406, 443, and 503 nm LED sources.  
 
 
Figure B.19. TOF values after 2 h of 443 nm irradiation at different power densities with 1-OMe. 
The dotted line is extrapolated from the first three data points.  
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Figure B.20. Time course of catalyst TON (filled circles) and TOF (empty circles). Conditions: 
0.37 mM precatalyst 1, 1.0 M formate, pH 10.2, 25 eq. phosphate. The color of the trace 
corresponds to the color of the axis. 
 
 
 
Figure B.21. Photocatalytic H2 evolution activity of 1 alone (filled circles) and 1 in the presence 
of 3 equivalents bipyridine (empty squares). Conditions: 0.36 mM 1, pH 9 1 M NaCO2H(aq), 296 
K. 
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Figure B.22. After 20 h irradiation, Left: 1 without excess free ligand and Right: 1 with excess 
free ligand.  
 
. 
 
Figure B.23. 1H NMR spectrum in CD3CN after collecting [Cp*Ir(bpy-OMe)(H)][O2CH] 
precipitate from mixing 1-OMe in 8 M formate. 
dioxane 
water 
acetonitrile 
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Figure B.24. IR spectrum of [Cp*Ir(bpy-OMe)(H)][O2CH] precipitate from mixing 1-OMe in 8 
M formate. O-H stretch (3350 cm−1) from water, and C-O stretch (1586 cm−1) dominate the 
spectrum. Ir-H stretch seen at 2046 cm−1. 
 
 
Figure B.25. 1H NMR spectrum of [Cp*Ir(bpy)(H)][O2CH] in D2O from mixing 1 in 8 M formate. 
water formate dioxane 
MeOH 
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Figure B.26. 1H NMR spectrum of chloride 1 and aquo [Cp*Ir(bpy)(H2O)]
2+ in pH 9.6 carbonate 
buffer. 
 
 
Figure B.27. UV-Vis spectrum of 1 after prolonged 460 nm irradiation.  
dioxane 
dioxane 
water 
water 
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Figure B.28. Maximum TON runs for 1 and 1-OMe using 460 nm irradiation.  
 
 
Figure B.29. Maximum TON runs for 1-OMe using 406 (purple) and 443 (blue) nm irradiation.  
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Figure B.30. Maximum TON runs for 1 and 1-OMe using 443 nm irradiation. 
 
 
 
 
 
 
 
 
 
 
 
Figure B.31. Headspace sampling technique for pressure vessel using a balloon. Left: pressure 
vessel closed. Right: pressure vessel open. 
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APPENDIX C. PHOTOINDUCED HYDRODEHALOGENATION OF 
DICHLOROMETHANE BY IRIDIUM HYDRIDE COMPLEXES 
 
 
Figure C.1. 1H NMR spectrum of [Cp*Ir(bpy-OMe)(H2O)][OTf]2 in D2O. 
 
Figure C.2. 1H NMR spectrum of [Cp*Ir(bpy-OMe)(H)][OTf] in DMSO-d6.  
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Figure C.3. 1H NMR spectrum of [Cp*Ir(bpy-OMe)(D)][PF6] in CD3CN. 
 
Figure C.4. 31P NMR spectrum of [Cp*Ir(bpy-OMe)(D)][PF6] in CD3CN. 
